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1. PREFACE

This thesis considers various aspects of black holes, which are objects
whose mass is compressed to an extremely small volume. Their distin-
guishing feature is that nothing, not even light, can escape from within
a certain vicinity of this heavy object. Since we cannot look beyond the
boundary of this vicinity, it is appropriately called the “horizon”. The
extraordinary features of black holes raise a variety of puzzles in physics.
The puzzles studied in this thesis appear in the analogy of black hole
physics with another branch of physics, namely the physics of heat pro-
cesses or thermodynamics. This analogy strongly suggests that a black
hole can be made out of smaller constituents in a large number of ways.
This number is called the “degeneracy” of the black hole and is related
to the size of the horizon. The understanding of the constituents and the
degeneracies have improved tremendously in the last decades. Partition
functions enumerate the degeneracies and are therefore useful tools to
determine them.

Many branches of physics come together in the proper description of
black holes. The attractive force of black holes on other objects ranges
typically over macroscopic, and even astronomical, length scales. There-
fore, the classical subjects of physics like mechanics, gravity, electromag-
netism and thermodynamics are relevant. However, since the mass is
confined to an extraordinary small volume, a proper understanding of
black holes requires a framework which consistently combines physics of
large and small length scales. Such a framework is not fully achieved yet;
the most promising candidates are presently string theory and M-theory.
Black holes are great (theoretical) laboratories for these theories. This
first chapter explains in some more detail the context of the study of black
holes and their partition functions.

Black holes and thermodynamics

The first notion of a black hole appeared in a letter by Michell in 1784 to
Cavendish, as an object from which nothing, not even light, can escape.
In 1795, Laplace suggested independently the existence of black holes.
Although the name “black hole” seems very accurate for such an object
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which does not emit light, it was not introduced until 1967 by Wheeler.

The notion of black hole could be made much more precise when gen-
eral relativity superseded Newtonian gravity in 1915-16. General relativ-
ity was developed by Einstein and provides a revolutionary new vision on
gravity. Space and time are no longer a static reference frame, but are de-
formed by the presence of massive objects. The attractive force between
massive objects is a consequence of the deformation of space-time. The
precise deformation of space-time is described by the so-called Einstein
equations; every space-time must be a solution of them. The first black
hole solution was established by Schwarzschild in 1915. In this solution,
all mass of the universe is concentrated in a point, which is surrounded
by a horizon. General relativity predicts that the horizon area of a black
hole with the mass of the earth is 1 cm?. Another interesting quantity is
the surface gravity, which is the strength of the gravitational force at the
horizon.

Soon, more complicated black hole geometries were obtained, for ex-
ample, solutions of a theory which captures both general relativity and
electromagnetism. The black holes of this Einstein-Maxwell theory can
also carry electromagnetic charges and were first described by Reissner
in 1916 and Nordstrom in 1918. It turns out that the mass of these black
holes must be larger then a certain minimum value which is determined
by the charge. At the minimum value, the surface gravity vanishes. Such
“extremal” black holes are considered in this thesis for reasons to be
explained later.

During the 1970’s, Bardeen, Bekenstein, Carter, Hawking and others
studied the laws which are satisfied by black hole quantities, such as the
mass, horizon area and surface gravity. Interestingly, these studies re-
vealed a close resemblance with the laws of thermodynamics. In fact, the
three laws of thermodynamics could naturally be extended to incorporate
general relativity. The first law of thermodynamics states the conserva-
tion of energy in a closed system. In relativity, mass is also a manifes-
tation of energy and must therefore be included in this conservation law.
The second law of thermodynamics is a statement about entropy, which
is a quantity introduced by Clausius in 1865 to explain the fact that heat
always flows from a warm object to a cooler object. The second law
states that the entropy of a closed system always increases. Finally, the
third law says that the entropy approaches a minimum if the temperature
approaches absolute zero. The analogy of black hole physics with ther-
modynamics suggests that the horizon area should be understood as an
entropy and surface gravity as a temperature. With these identifications,



the three laws of thermodynamics also hold for black holes. In 1975,
Hawking performed a semi-classical calculation which revealed that black
holes radiate as objects with a certain temperature. This calculation de-
termined some unspecified constants, and gave further evidence that the
analogy with thermodynamics is fundamental.

If thermodynamics had ceased developing after Clausius, this might
have been the end of the story. However, Boltzmann claimed in 1877
that the energy spectrum of particles could be discrete, and that entropy
should be understood as a measure of the number of microscopic degen-
eracies of a macroscopic system. His claims were based on the ancient
Greek belief that all macroscopic objects are built out of microscopic, in-
divisible entities (atoms). A macroscopic state can be arranged in many
different microscopic ways, which explains the entropy. This elucidates
the mysterious second law of thermodynamics: the increase of entropy of
a system is now understood as the evolution of the system towards its
most probable macroscopic state. Entropy can be accurately calculated
for many systems if the constituents are known, for example, mixtures
of gasses, or lattices of spins. These microscopic considerations stood at
the beginning of one of the biggest revolutions in physics: the invention
of quantum mechanics. In this theory, a physical quantity, like energy
or momentum, is essentially discrete and is called a quantum number. A
quantum mechanical system can realize a given set of quantum numbers
only in a finite number of ways (the degeneracy). A specific realization
is referred to as a “state”.

The discovery of quantum mechanics was soon followed by quantum
field theory, which also incorporates special relativity. Quantum field the-
ory is able to unify three of the four fundamental interactions of Nature,
namely electromagnetism, the weak interactions and the strong interac-
tions. A fully satisfactory unification of quantum theory with the fourth
interaction, which is gravity, has not been discovered yet.

If the analogy of black hole physics and thermodynamics is funda-
mental, the microscopic understanding of entropy should extend to black
holes. However, candidate constituents of a black hole were not known
for a long time. The black hole constituents are supposed to be particles
of a theory which unifies all four forces of nature. The discovery of such a
theory has challenged many theoretical physicists. As mentioned before,
string and M-theory are currently the most promising candidates. In fact,
black hole entropy can be explained within these theories.

To determine the entropy of a (quantum mechanical) system, partition
functions are very useful. Before explaining their use in the context of
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black holes, two simple examples are given here to give a flavour of what
partition functions are. The first example is a function for enumerating
the number of ways a throw with two dice can give a certain number.
This function is given by t2 + 2t3 + 3t* 4+ 4t° 4+ 5t5 4+ 6t7 4 58 + 4t + 310 4+
2t 4+ 12 The number in front of t* in the function is the number of
ways one can obtain k. The second and almost archetypical example, is
the function, which enumerates the number of ways a certain number can
written as a sum of smaller numbers. Such a sum is called a partition. For
example, the partitions of 3 are : 3, 241 and 1+1+1. The corresponding
partition function is given by [[02 (1 — ")t =1+ 224+ 3t3 +5¢1 +. ...
In quantum theory, a partition function enumerates the degeneracies of
states of a system with given quantum numbers. The exponent of ¢ is then
interpreted as a quantum number, for example the energy. The entropy
can be directly determined from the coefficients of the partition function.
The next section, explains this in some detail for black holes. First a
brief introduction is given on how the black holes can be incorporated in
a quantum theory, namely in string theory.

A quantum theory of black holes

In string theory, the point like particles of quantum field theory are re-
placed by little strings, which can be open like ~, or closed like (). These
strings are however so small that a possibly stringy nature of particles
cannot be determined with current technology. However, the stringy na-
ture of the particles does spread their interactions in space and time. In
this way string theory manages to avoid the singular behavior which arises
often in quantum field theory. Originally, string theory was invented in
the 70’s to solve problems in the theory of strong interactions. Quarks,
which interact with each other by the strong force, would be the endpoints
of the strings and the string would explain their interaction. The scien-
tific interest of this model decreased when quantum chromodynamics, a
specific form of quantum field theory, was able to accurately describe the
strong forces. Around 1984, string theory revived when people realized
that string theory can possibly capture all the interactions between par-
ticles including gravity. An important calculation by Green and Schwarz
showed that string theory correctly cancels an “anomaly”, which is a
certain unwanted deviation of quantum theory from the classical theory.
Another great discovery of the 80’s is the discovery of the heterotic string,
which seemed very promising to describe the four fundamental interac-
tions in the way we experience them. A second “revolution” of string
theory happened from 1994-1998. In this era, several different string the-
ories got unified in M-theory. Moreover, D-branes were discovered as the



surfaces on which open strings can end. The D-branes and strings appear
in M-theory as M-branes. These developments were essential for the first
account of black hole entropy in 1996 by Strominger and Vafa.

Another influential development was induced by Maldacena’s conjec-
ture in 1997, which relates the fundamental physics of Anti-de Sitter
space (including gravity) with a conformal field theory without gravity.
An Anti-de Sitter (AdS) space is a space-time with a negative curvature.
One of its special properties is its (conformal) boundary. Maldacena and
others conjectured in 1997 that string/M-theory on such a space-time is
dual to a conformal field theory (CFT) on the boundary. This means that
to every state in the AdS-theory corresponds a dual state in the boundary
theory. Therefore, the partition functions are expected to be equal. This
correspondence is remarkable since the theory in AdS incorporates grav-
ity, and the boundary CFT does not. It has initiated many developments
in the study of gravity and improved our understanding considerably.

String and M-theory have several properties which turned out to be
essential for the microscopic account of black hole entropy. One of these
properties is the necessity of higher dimensions. String theory is a theory
in ten dimensions and M-theory in eleven. At first sight, this might seem
to contradict directly with our four-dimensional universe. However, some
dimensions can be compactified to “invisibly” small length scales. This
can be done in many different ways, which result in equally many different
four-dimensional theories.

Another important feature, which arises naturally in string theory is
supersymmetry. It was originally discovered as a symmetry between two
kinds of particles, bosons and fermions, of the quantum theory on the
string world sheet. Currently, various supersymmetric field theories are
studied in different dimensions, for example supersymmetric gauge the-
ories and supergravities. No experimental evidence of supersymmetry is
available yet, but it has certain appealing consequences. For example, it
improves the unification of electromagnetism and the weak/strong forces
since the coupling constants approach each other at a high energy scale.
Another advantage is that some quantities in a supersymmetric theory do
not change if the coupling constants are varied. An example is the Wit-
ten index, which is a measure of the number of supersymmetric states
of the theory. This is actually one of the main ingredients for the mi-
croscopic calculation of the entropy. The extremal black holes studied in
later chapters are supersymmetric solutions of supergravity. Although the
(generalized) Witten index is hard to determine in this regime, the cou-
pling constants can be changed to a regime where the calculation can be
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done. By supersymmetry, this still provides the correct black hole degen-
eracy. Four-dimensional (N = 2) supersymmetric theories of gravity can
obtained as a compactification of M-theory. The total 11-dimensional
geometry decomposes as: R¥! x Sﬁ/[ x X, where R3! represents four-
dimensional space-time, Sﬁ/[ a circle and X a compact six-dimensional
manifold.

The last essential ingredient are the branes of string and M-theory.
D-branes in string theory are objects on which open strings can end. The
D-branes can have various dimensions and source electromagnetic fields
in space-time. Naively, one can see the D-branes as some kind of carpets,
which float around in space-time. In the low energy limit, the excitations
on the branes form a Yang-Mills theory, which is a quantum field theory
(without gravity). The elementary objects of M-theory are the three-
dimensional M2-brane and six-dimensional Mb5-brane. They unify the
strings and D-branes of string theory.

Now we are ready to explain a black hole in M-theory. It is a bound
state of M2- and M5-branes, which reside completely inside the compact
dimensions. The Mb5-branes wrap a four-dimensional manifold in X and
5’1%/[. A crucial part of the entropy calculations is the reduction of the
M5-brane degrees of freedom to two-dimensions: time and Sji;, which in
the Euclidean signature becomes a torus. Such a reduction of the degrees
of freedom to a two-dimensional CFT on a torus, appears frequently in
entropy calculations of black objects. This is a consequence of the distin-
guished properties of conformal field theories, which ultimately enables
the determination of the black hole degeneracies. The most important
property of a CFT is that its interactions do not depend on the length
scale. The theory is even invariant under all transformations which leave
the metric invariant up to a scale; these transformations form an infinite
dimensional group in two dimensions.

To determine the entropy of the supersymmetric black holes, a spe-
cial partition function of the CFT is considered. This partition is the
so-called elliptic genus, and is a generalized Witten index. The special
property of the elliptic genus is that it enumerates supersymmetric states
as a function of their electric charges. Because of the conformal sym-
metry, the partition function does only depend on the shape of the torus
(parametrized by 7) and possibly potentials, an observation due to Cardy
in 1986. Moreover, the elliptic genus is supposed to be invariant under
large coordinate transformations of the torus, which correspond to the
ar+b "4 — ¢d = 1. This invariance brings

ct+d?
the elliptic genus in contact with modular invariant functions, which ap-

modular transformations: 7 —



pear often in counting problems and number theory. By modular in-
variance, the Cardy formula can be derived, which provides the leading
behavior of the degeneracies. That this agrees with the entropy calculated
in supergravity, is one of the important successes of string theory.

Results of the thesis

The results of this thesis are important for two conjectures related to
black hole state counting. The first conjecture is the correspondence
between fundamental physics in Anti-de Sitter spaces and the conformal
field theory on its boundary. A three-dimensional AdS-space appears
naturally in the study of the four-dimensional black holes. The CFT
at the boundary is the CFT which is obtained by the reduction of the
Mb5-brane degrees of freedom.

A confirmation of the AdS3/CFT5y correspondence would be a proof
of the equivalence of the CFT and the gravity partition function, which
naturally involves a sum over geometries. Dijkgraaf, Maldacena, Moore
and Verlinde suggested in 2000 that CFT partition functions can be re-
lated to a Poincaré series, which consecutively can be interpreted as a
sum over semi-classical saddle points of AdSsz-gravity. Poincaré series are
sums over a coset of the modular group such that a function becomes
modular invariant. This thesis improves on the Poincaré series proposed
by Dijkgraaf et al. for CF'T partition functions using the work of Niebur.
It is shown how the CFT partition function itself can be rewritten as a
Poincaré series, giving evidence that the partition functions on both sides
of the correspondence are indeed equal.

The second conjecture, which motivates our study of black hole par-
tition functions, is due to Ooguri, Strominger and Vafa. Based on cor-
rections to the leading black hole entropy, they suggested in 2004 that
the black hole partition function is equal to the square of the topological
string partition function. Topological string theory is a simplified version
of string theory, such that many quantities can actually be calculated, al-
though the necessary mathematical techniques might be quite elaborate.
Chapter 5 explains that this conjecture must be viewed as a statement
about the corrections to the leading saddle point of the partition function.
Moreover, the conjecture is only valid in a certain regime of charges.

While studying the partition functions, also interesting aspects were
learned, which were not directly relevant to elucidate the two conjectures.
Most interesting are the constraints on the “polar” spectrum of the theory
by modular invariance. These constraints are shown to be very powerful
for partition functions of topologically twisted Yang-Mills theory, which
are closely related to the elliptic genera for black holes. The case of gauge
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theory on CP? is analyzed in some detail. Based on the constraints, a
generating function is proposed for the Euler number of moduli spaces of
SU(3) instantons on the four-manifold CP?.

Outline

Chapter 2 continues with the introduction of the subject and the problems
in more detail. Three motivations are given for the study of black hole
partition functions, namely a microscopic account of the leading black
hole entropy, the connection with topological strings and the AdS3/CFTy
correspondence. The discussions in this chapter are mainly phenomeno-
logical, not much reference is made to higher dimensional string or M-
theories. In Chapter 3, the four-dimensional black holes are placed in
the more fundamental 11-dimensional M-theory. The degrees of free-
dom on Mb5-branes wrapped on Calabi-Yau four-cycles are discussed, and
their reduction to two dimensions. In addition, the black hole partition
function is defined and the leading black hole entropy is microscopically
explained. An important aspect of the partition functions is their con-
nection with vector-valued modular forms. Chapter 4 is devoted to a
mathematical analysis of these forms, which is necessary to address the
motivations in Chapter 5. It derives a (regularized) Poincaré series for
these forms and the space of these forms is discussed. The reader which
is mainly interested in the physical implications, might initially postpone
reading of this chapter. Chapter 5 interprets the Poincaré series from the
point of view of AdSs-supergravity. Also the connection with topological
strings is elucidated. The last section of Chapter 5 applies some addi-
tional results obtained in Chapter 4 to gauge theory partition functions
on four-manifolds.



2. MOTIVATIONS FOR BLACK HOLE PARTITION
FUNCTIONS

This chapter explains three important motivations for the systematic
study of black hole partition functions in later chapters of the thesis.
The first motivation for the analysis of black hole partition functions is
to account microscopically for the macroscopic black hole entropy [1].
Subsecs. 2.1.1 and 2.1.2 introduce black holes and the notion of black
hole entropy. The black holes studied in this thesis are solutions of four-
dimensional N = 2 supergravity [2]. The entropy of a large class of such
black holes was explained in Ref. [3], following the seminal work on the
microscopic entropy of D1-D5-brane black holes by Ref. [4]. The second
motivation is the conjectured connection between black hole entropy and
the topological string free energy [5] and is reviewed in Subsec. 2.1.3.

The third motivation of black hole partition functions is to test the
correspondence between fundamental physics in Anti-de Sitter space and
a dual conformal field theory [3, 6, 7, 8]. The original conjecture by
Maldacena [3] arose historically from the large scientific effort to find a
microscopic explanation of black hole entropy in string theory. This third
motivation is therefore not completely independent from the first moti-
vation. Sec. 2.2 explains the AdS/CFT correspondence in the context,
which is relevant for the later studied black holes. This implies that the
AdS-space is three-dimensional and the dual CFT is two-dimensional.
AdSs3 is in fact part of the near-horizon geometry of a black string in a
five-dimensional M-theory compactification. This black string is massive
and sources the four-dimensional black hole. The CFT is the field theory
which resides on the black string [3]. The AdS3;/CFTs duality motivates
a study of AdSs-gravity in Subsec. 2.2.2. In later chapters, the black hole
partition functions are shown to be susceptible of a natural interpretation
from the point of view of the AdS3/CFTs correspondence.

The approach in this chapter is phenomenological. The emphasis is
on effective field theory in a low number of dimensions, three, four or five.
In some cases, for example the explanation of the black hole/topological
strings connection and of the AdS3;/CFTy correspondence, reference is
made to the higher dimensional string- and M-theory. Because of the
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vast subjects involved, this chapter with motivations cannot possibly be
self-contained. Some knowledge of (super)gravity and string theory is
assumed. More details about string and M-theory can be found in the
textbooks [9, 10] and [11, 12].

2.1 Four-dimensional black holes

This section introduces the four-dimensional black holes whose partition
function is analyzed in later chapters. The notion of black hole entropy is
introduced in the context of Reissner-Nordstrom solutions. Subsequently,
black hole solutions in N/ = 2 supergravity are discussed. This discussion
leads to the connection between topological strings and black holes.

2.1.1 Reissner-Nordstrém black holes

The Reissner-Nordstrom black hole solution is a generalization of the
Schwarzschild solution to a black hole with electro-magnetic charges.
The metric of a charged black hole is not a solution of the vacuum
Einstein equations since the electro-magnetic field F),,, gives rise to an
additional energy density. The equations of motion of the metric and
electro-magnetic field are derived in this case from the Einstein-Maxwell
action [13]
1
167 G4

Iem = /d4m 9| (R — E, F*), (2.1)
where G4 is the four-dimensional gravitational constant, |g| is the deter-
minant of the metric g, and R is the Riemann curvature. The adopted
units are such that the velocity of light ¢ is equal to one. Also G4 is taken
to be one unless otherwise specified. The metric of a black hole with mass
M, electric charge ¢ and magnetic charge p is

IM 2+ p? oM P2 +p2\ 7!
ds? = —(1- 20y O Y g2y (2 TP dr?
r r2 r r2
+r2(df? + sin® 0dp?). (2.2)

The electric and magnetic field strength are respectively F,. = q/r? and
Fy, = psind/ r2. Since ¢ and p appear at many places as ¢ + p?, we
define Z = q + ip such that ¢® + p? = | Z|?. Note that g;; vanishes at two
values of r. The black hole has therefore two horizons, with horizon radii
ry and r_

ry =M+ /M2 —|Z2 (2.3)
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The conserved charges M, g and p can be determined from the asymp-
totics of the metric for r — oo by the ADM-method [13]. These quanti-
ties obey relations known as black hole mechanics [14, 1]. The first law
of black hole mechanics for Reissner-Nordstrém black holes reads

K1
M = 51614 + g0q + 11p0D, (2.4)

where A is the horizon area of the outer horizon A = 4777‘1. g and fip
are respectively p, = ¢/ry and p, = p/r4, K is the surface gravity at the

outer horizon
/MZ = Z]2
K= . (2.5)
2M(M + /M2 —|Z|?) — |Z]?
Remarkably, the laws of black hole mechanics show a close resem-

blance with the classical equations of thermodynamics. Eq. (2.4) should
be compared with the first law of thermodynamics

0E = T6S + puéN + ... (2.6)

The term with A in (2.4) is written in the specific form since a semi-
classical calculation by Hawking [15] shows that it is natural to view x /27
as the temperature Ty of the black hole. Correspondingly, the black hole
entropy is given by Spy = A/4. This relation is known as the Bekenstein-
Hawking area law. The second and third law of thermodynamics have
analogues as well in general relativity [14, 1]. A microscopic explanation
of this macroscopic entropy, in a similar spirit as Boltzmann did in 1877
for classical thermodynamics, is one of the major goals in theoretical
physics for the last decades. The exponential growth of the number of
microstates Nyicro 1S given by

Spn _ A
kg 4AG4h’

log(Nmicro) ~ (27)
where the dependence on relevant physical constants is included. Omne
would like to explain this leading behavior of the microstates microscop-
ically.

The geometry of the black hole depends on the value of M with re-
spect to |Z|2. The two horizons of the charged black hole coincide for
M = |Z|. The metric contains a naked singularity when M < |Z|. Such
solutions are excluded by the cosmic censorship hypothesis. Therefore,
M is bounded from below by

M >|Z|. (2.8)
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The black holes with mass M = |Z| are called extremal.

A similar bound as (2.8) has been derived in the connection with
dyons in non-abelian gauge theory in the absence of the coupling to grav-
ity by Prasad and Sommerfield [16] and Bogomolny [17]. A bound as (2.8)
is therefore known as the Bogomolny-Prasad-Sommerfield (BPS) bound.
Ref. [17] establishes the stability of such a state against the emission of
vector mesons. Ref. [18] studied the stability of such dyons and proved
that the class of dyons studied in [16] saturating the bound M = |Z] are
stable against perturbations. The extremal Reissner-Nordstrém solutions
are also expected to be stable. Since their temperature Ty = /27 van-
ishes, they do not lose energy by thermal radiation. The next subsection
shows that black holes which preserve some supersymmetry satisfy the
BPS-bound.

Eq. (2.4) shows that the black hole entropy is a function of the mass M
and the charges ¢ and p. In the extremal limit M — |Z|, Ty vanishes but
Spu has a well-defined and non-vanishing limit. The explicit dependence
of Spu(M, q,p) on M disappears. The dependence of the entropy on G4 in
the extremal limit is also of interest. We assume that the only significant
length scale in the theory is /G4. The dependence of the metric (2.2) on
v/G4 is made manifest by replacing M by v/G4M and r by r/1/G4. Then
one finds that the entropy is

Sen(q,p) = 7|Z)?, (2.9)

which is interestingly independent of G4! This will turn out to be a
convenient property of extremal black holes because one can adjust the
strength of gravity without changing the number of states of the black
hole. Therefore, it is this “extremal” entropy which we account for mi-
croscopically in the following chapters. Since the temperature vanishes
in the extremal limit, the entropy could strictly speaking jump between
Ty = 0 and Ty > 0. This is assumed not to be case.

The near horizon geometry of the extremal black hole has a universal
structure. After a coordinate transformation r — r + |Z| and the limit
r — 0 one finds the metric

ds* = —Walt2 + ud 2 1 12)(d6* + sin? Odp?), (2.10)
This metric describes a product of two spaces. The coordinates t and r
are coordinates of two-dimensional Anti-de Sitter space, § and ¢ are the

coordinates of a two-sphere. More details about AdS-spaces are given in
Subsec. 2.2.2.
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At first sight, the first law of black hole mechanics (2.4) might appear
rather accidentally. Could one derive a first law of black hole mechanics
for a more general Lagrangian as (2.1)7 The answer to this question is yes.
Wald has derived in Ref. [19] the first law for a general diffeomorphism
invariant Lagrangian. The equations of motion of the Lagrangian must
allow for stationary geometries with a Killing horizon and well-defined
conserved charges at infinity. The entropy is derived as a Noether charge
and results in the following expression

Spu = —27T/ \/|g|6“”6pgidﬂ, (2.11)
b 8R,ul/p0'

if the action does not involve any derivatives of the Riemann tensor. The
integration domain, ¥, is an arbitrary spatial cross-section. Evaluation
of this integral leads to Sy = f for the Reissner-Nordstrom solutions.
Subsec. 2.1.3 deals with black holes in the presence of R2-corrections.
Then the black hole entropy no longer satisfies the Bekenstein-Hawking
area law, but nevertheless a well-defined entropy is associated with a black
hole solution.

2.1.2 Black holes in N' = 2 supergravity

The Einstein-Maxwell theory discussed in the previous subsection can be
extended to a supersymmetric theory of gravity (supergravity). Super-
gravity contains black hole solutions which are similar to the Reissner-
Nordstrom solutions. The class of solutions which preserve part of the
supersymmetry is particularly interesting, these are analogues of extremal
black holes in Einstein-Maxwell theory. In the first part of this subsection,
the BPS-bound is derived from the supersymmetry algebra. The second
part describes black holes in AN/ = 2 supergravity and the evaluation of
their entropy.

Relevant concepts of supersymmetry are briefly introduced now, see
for more information [20, 21]. Supersymmetry is an anti-commuting sym-
metry first observed as a symmetry of the worldsheet theory of a funda-
mental string [22]. The generators of the symmetry are the spinors Q4
and Q4 in the notation of [20]. The bar denotes Hermitean conjuga-
tion. The generators transform bosonic fields into fermionic fields and
vice versa. The index A takes values from 1...N. The supersymmetry
is called “extended” when N/ > 1. The algebra of the supersymmetry
generators is given by

{Ql.Qfy =20", P!, (2.12)
{9, Qf} =2eapz",
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where P, is the momentum operator, Z!'7 is a complex anti-symmetric
tensor and O'Z 5 are the Pauli matrices. For our case of interest, N' = 2,

Z'7 has only one complex component, the central charge Z. The reason
for using the same symbol Z to denote the central charge and ¢ + ip will
become clear shortly.

The implications of the supersymmetry algebra (2.12) are most easily
derived in the rest frame of the black hole

{al, (Qg)T} — 2M 55877, (2.13)
{qu Qé} = 260432[]'

We can directly deduce from this that for a unitary theory M > 0. In
fact, one can derive a stronger bound for the mass of a state | M, Z) which
has mass M and central charge Z. To show this we define the operators
Go, b by

an= = (A teas (99))).  ba= = (Qh—cs(2))). 19)
\/i o 8 s o \/5 o af B )

And the 2 x 2 matrix of anti-commutators

( {aa,al} {aa,biﬁ )‘M,Z>, (2.15)

M= (M,Z
< {ba,ab}  {ba, bl

where the index « is not summed over. Since the matrix of commutators
is Hermitian, M is positive semidefinite. Because the determinant of M
is 4M? — 4|Z|%, we find that

M >|Z| (2.16)

in a unitary theory. This is reminiscent of the BPS bound (2.8) with
Z = q+ip. These results are due to [23], where also is shown that
the mass of a state which saturates the bound M = |Z| is not affected
by quantum corrections. A state |M, Z) which saturates the bound pre-
serves part of the supersymmetry and forms a short representation of the
supersymmetry algebra.

Similarly to the discussion in the previous subsection, one would like to
determine the dependence of Z on electro-magnetic charges. To explain
this dependence some more concepts of supergravity are needed. The
field content of N/ = 2 supergravity consists of the metric, gauge fields,
scalars and fermions. The supersymmetry algebra groups the different
fields in multiplets. The fields in a multiplet transform among each other
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under the supersymmetries. Several kinds of multiplets exist which each
have a different field content; examples are supergravity, vector, chiral
and hyper multiplets. Multiplets are nicely understood in the framework
of superfields [20]. The number of multiplets and their content have a
beautiful interpretation from the point of view of a compactification of
higher dimensional string theory [12].

The building stone of a Poincaré supergravity theory is the N' = 2
supergravity multiplet, which contains the graviton, a gauge field (the
graviphoton), gravitini and auxiliary fields [24]. Poincaré supergravity
can be obtained by gauge fixing of superconformal gravity. The Weyl mul-
tiplet W of superconformal gravity is the main ingredient for the Poincaré
supergravity multiplet. The lowest component in the superfield expan-
sion of the Weyl multiplet is an auxiliary anti-self-dual anti-symmetric
tensor Tlf,;] = T~, which appears in the supersymmetry transformation
of the gravitino

1
o), = 2Dy’ — g’yp’yUTpUI Ty.e, (2.17)

where D,, is some covariant derivative and v, are the Dirac matrices.
The charge related to T~ determines the central charge Z in the algebra
since T~ appears in the supersymmetry transformation of the gravitino.
The equations of motion determine that 7| If;] is equal to the anti-self-dual
part of the graviphoton field strength. The graviphoton field strength
is in turn determined by the equations of motions to be a linear com-
bination of vector multiplet field strengths F}j,. A vector multiplet X
contains besides the gauge field a complex scalar X%, which is the low-
est component of the multiplet. These scalars describe the geometry of
the compactification manifold from the point of view of string theory.
They are therefore often referred to as “moduli”. The number of vector
multiplets is represented by ny. The supergravity multiplet contains an
“auxiliary” vector multiplet. The gauge field of this vector multiplet is
the graviphoton field strength. The expectation value of the auxiliary
vector multiplet scalar is fixed in terms of the dynamical vector multiplet
scalars, analogous to the fixing of the graviphoton field strength. The
degrees of freedom are conveniently parametrized by ny + 1 scalars X4
and gauge fields F/fy with A=0...ny.

The gauge fields Fﬁ, are sourced by objects with charges g4 and p4.
The black holes of our interest have vanishing p°-charge. The remain-
ing magnetic charges p® take values in the magnetic lattice A. The
Dirac-Schwinger-Zwanziger quantization [25, 26, 27, 28] of electromag-
netic charges requires that p®q, = p-q € Z. This implies that the electric
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charges would take values in the dual lattice A* of A. Presently, we are
interested in black holes which are described in M-theory. Witten has
shown that anomaly cancellation on the M2-brane worldvolume requires
that g, — d%pb € A* [29, 30], with dy the quadratic form of the magnetic
lattice A. The anomaly is known as the Freed-Witten anomaly [31].

The different kinds of multiplets can be used as building blocks of
a supersymmetric action. These actions are generically intricate expres-
sions, see for example [20, 2, 24]. However the black hole entropy does not
depend on all fields in the Lagrangian but only on the gravity multiplet
and the vector multiplets. The dependence on other multiplets disap-
pears. The relevant bosonic part of the action contains the metric, ny +1
gauge fields and nvy scalars

_ 1 4 =\ Al G =b
I= 167Cs /d /9| (R+29ab(z,z)8 20,2 (2.18)

Z —
—i—Z (NABF+A/\F+B—NABF_AAF_B )),

The indices a and b run over the number ny of vector multiplets 1...ny.
F~4 and Ft8 are respectively the anti-self-dual and self-dual part of the
gauge field FA.!

The nv scalars z* parametrize the moduli space which is Kahler. The
ny scalars z% are conveniently parametrized in terms of the ny + 1 scalars
XA(2%) satisfying the constraint

NapXAXE = —e=KXNX) = fi, (2.19)
Gy
where K (X, X) is the Kiihler potential.

This is known as conformal gauge or D-gauge [2], it breaks the con-
formal invariance in superconformal gravity. The kinetic term for the
scalars, gqp(z, 2)8“2“8M2b, is equivalent to MAB(X,)_()E)"XA%XB with
the constraint (2.19). The metric M 45(X, X) is given by

Map(X,X) = Nap + Nac X NppXP. (2.20)

The couplings N4p and the matrix N4 p can be expressed in terms of a
projective covariantly holomorphic section (X4, F4(X)) of an Sp(2n+2)-
vector bundle over the moduli space parametrized by z®. The inhomo-
geneous coordinates (“special coordinates”) t4 = X4/X0 are also often

1 42 = —1 in a Lorentzian space, therefore we adopt the definition *F+ = —iF'* and
*F~ = {F~ for a self-dual two-form F™ and anti-self-dual two-form F~ respectively.
F* = 1(F +£ixF) and such that F = F" + F~.
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applied in the literature. The geometry of the moduli space of super-
gravity and the corresponding vector bundle are generically referred to as
“special geometry”. Special geometry can be understood in a beautiful
geometric way in type IIB string theory [32]. An Sp(2n+2)-rotation of the
symplectic section (X4, F4) to a section (X4, F4) leaves the equations of
motions invariant. The electric and magnetic charges need to be rotated
correspondingly. These transformations generalize the electric-magnetic
duality transformations of Maxwell theory [33].

The section can often be described in terms of a covariantly holomor-
phic function F(X). This function carries the name prepotential. We
adopt the notation

Fy=04F(X), Fyp = 040pF(X). (2.21)
Then Nyp and Nyp are given by [24]
Nap = 2ImFup, (2.22)

_ NacXCNppXP
= F
Nag R S (5

(2.23)

Note that K (X, X) = 0 by the D-gauge (2.19).

The superconformal symmetry, which is present before gauge fixing
to Poincaré supergravity, requires that the prepotential F'(X) is homoge-
neous of degree 2. This means that

F(AX) = MF(X). (2.24)

Differentiating both sides to A and to X4, we find the following useful
identities

XAFA(X) =2F(X), XAFap=Fp,  XAFaipc=0. (2.25)
The tree-level prepotential is given by

Dy X2 XbXC

P(X) = g

(2.26)
Dgpe is equal to —%dabc with dgp. the intersection matrix of four-cycles
of the compactification manifold [34]. The prepotential receives quan-
tum corrections and instanton corrections. This is discussed in the next
section. The action for the vector multiplets can be expressed as a super-
space integral of F'(X)

Leet = Im [ / d4xd40F(X)] : (2.27)
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The above brief exposition of N' = 2 supergravity introduced the el-
ements appearing in the expression for the central charge. The central
charge Z associated with a black hole with electric charges g4 and mag-
netic charges p is [35]

7 = KX (XA, — Fap?). (2.28)

We observe that Z depends in this situation continuously on the scalars
XA, The scalars can depend on the radius r in the black hole geome-
try. The black hole mass M is determined at infinity M = |Z|,—« as
in the case of the Reissner-Nordstrom solution. For given charges and
moduli at infinity, solutions can be constructed which differ considerably
for r < oo. The possibility of non-vanishing gradients for the scalar
fields complicates the supergravity solutions considerably. In addition,
supersymmetric solutions do exist with multiple black hole singularities
[36, 37]. The existence of some solutions depends on the values of the
moduli at infinity. Regardless of the variety of solutions, the geometry
near the horizon of a singularity is universal and equivalent to the near-
horizon geometry of the extremal Reissner-Nordstrom black hole (2.10).
Its geometry is a product of AdSy x S?
|z

ds? = —WdtQ + —dr +|Z|*(d6? + sin® 0 dp?). (2.29)

The horizon area of the black hole is A = 4r|Z|? and the black hole

entropy is again
Sen(q,p) = 7|Z|*. (2.30)

The near-horizon metric (2.29) should be complemented with the expres-
sions for the gauge and scalar fields at the horizon. The field strengths
have the generic 1/r2-behavior. Interestingly, the scalars are fixed at the
horizon by the charges

g4 = 2Re [iZeK/QFA} . pr=2Re [iZeK/QXA} : (2.31)

These equations are known as the “attractor equations”. They can be
derived by the gravitino supersymmetry transformations [38, 39]. When
the attractor equations are satisfied, N’ = 2 supersymmetry is restored at
the horizon. The attractor equations can also be derived by an extrem-
ization of the horizon area [39]. Some references, for example [24, 40],
refer to the attractor equations (2.31) as “stabilization equations” since
the moduli generically tend to singular values at the horizon. Solutions
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with constant values of the moduli in the black hole geometry are known
as “double extreme” black holes. These solutions contain only a single
singularity.

The attractor equations play a crucial role in the context of black hole
entropy. The microscopic entropy is in essence a discrete quantity since
it represents the number of microstates. The black hole entropy is at first
sight however a continuous function of the moduli by (2.28). The attrac-
tor mechanism determines the moduli in terms of the charges such that
the entropy depends solely on the discrete charges and is therefore a dis-
crete quantity. The entropy can have a discontinuous dependence on the
moduli [41, 37], the discontinuous dependence is however exponentially
small compared to the leading entropy.

In some cases, the attractor equations can be solved explicitly for
the prepotential (2.26). The form of the prepotential suggests that the
scalar XY and the charges ¢" and p" are distinguished from the charges
¢® and p®. The relevant black holes have vanishing p®-charge. A change
of variables to Y4 = Zef/2X4 is particularly convenient [42]. In terms
of these variables, |Z|? reads

|Z|?> = YAqu — Fa(Y)p?. (2.32)

Since | Z|? is invariant under symplectic transformations, we only need to
solve the attractor equations for a black hole with charges (0,p%, 0, qo).
The simultaneous symplectic transformations of the moduli

Yo — YO,
Ye N ye — kayO (233)
and the charges
a, a1.b,c
@0 — qo+k"Ga— 3Dapck k’pC, (2.34)

Ga — Ga — 6Dabck’bpcy

leave | Z|? invariant. In addition, the transformations of the charges (2.34)
leave the combination gg = qo — %qz invariant. The attractor equations
(2.31) are easily solved when g, = 0. One finds for the moduli Y? and

ya
1 |D 1
V0= _,/— Yo = —_iph 2.
2\ 3 5P (2.35)

The transformations (2.33) and (2.34) imply that the quantity |Z|2, of a
black hole with charges (0, p%, ¢a, qo), is only a function of p® and gp = qo—
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%q2 with ¢*> = d®q,q, = —(6Dapep®) "1qaqy. The entropy Spa = 7|Z|?,
expressed solely as a function of the charges, reads [40]

- 1
Spw(q,p) = 2m+/Djo = %m’ (2.36)

where D = Dgpp®p’p°. Note that D < 0 and that consequently §o < 0
also. The D4-branes form thus bound states with anti-D0-branes [34],
which is also natural from a geometric point of view [43, 37]. We define
the anti-DO brane charge ¢ = —qo. Similarly, the quantity §g is defined
as §p = —q4o = qp + %qz. Then Spp is given by

2 ..
Sen(g,p) =/ §p3qa~ (2.37)

2.1.3 A black hole partition function and a Legendre transformation

Classical entropy can generically be obtained by a Legendre transforma-
tion of a free energy. The free energy is in many cases determined from
a microscopic partition function. In the present context of black hole
entropy, Legendre transformations will also proof useful.

A partition function generically treats some quantum numbers in a
microcanonical ensemble and some in a (grand) canonical ensemble. For
the black holes of interest with p° = 0, several motivations can be given
for the choice of a microcanonical ensemble for the magnetic charges p”
and a canonical ensemble for the electric charges q4. A first heuristic
motivation is the asymmetry between the electric and magnetic charges
in the construction of the Dirac monopole. There the magnetic charge
leads to a semi-infinite singular string in the electro-magnetic potential,
whereas the electric charges do not lead to such non-local effects. The
presence of a magnetic charge determines that the U(1)-bundle is non-
trivial. Therefore, it seems reasonable to keep the magnetic charge fixed
and introduce potentials ¢4 = ¢# for the electric charges. The partial
Legendre transformation has the form

10
Son(0.p) = F(6.9) ~ AL 239
with
Gi— —qa = _19F(¢,p) (2.39)

T OpA
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A second motivation is the growth of the entropy (2.36) as a function

of g5 and p. Since the growth of Spu(q,p) = 74/ %p3(j@ as a function of ¢

/

is ~ (jé 2, the quantity

F(6,p) = Spulq,p) — ¢ ¢4 (2.40)

is < oo for positive potentials ¢ and has a maximum. If we use that
F(¢,p) is invariant under the symplectic transformations, then F (¢, p) —
—oo for g — oo. A generalization of F (¢, p) to a function with potentials
for the magnetic charges would not have these properties since Sgp(q, p)
as a function of p grows as ~ p3/2.

A third motivation is that F(¢,p) can be expressed as a simple func-
tion of the prepotential F(Y) as shown originally by Ooguri, Strominger
and Vafa [5]. One finds that

F(b,p) = 4rImF(Y) = rlmF(2Y), (2.41)

with the identification

1
vA = §(¢A —ip™). (2.42)
This result is a consequence of the form of the entropy (2.30), the attractor
equations (2.31) and the homogeneity properties of F(Y) (2.25).
The partial Legendre transformation leads us to a black hole partition
function of the form

Zpu(6,p) = > cp(q)e™ 94 = exp F(¢,p), (2.43)

qgA

cp(q) is the number of microstates of a black hole with charges g4 and p*.
The microcanonical entropy is given by Sgm(q,p) = Inc,y(g). Note that
this partition function is not expected to be convergent, since the sum is
over positive and negative charges. The second motivation for the partial
Legendre transform implies however the possibility that Zpp(¢, p) is re-
lated to a convergent generating function. The next chapter discusses a
convergent partition function which is related to Zgp by simple parameter
transformations. ? To this end, g must be bounded from below.

2 In theories with a large amount of supersymmetry, the symmetry between electric
and magnetic charges is restored with respect to the black hole entropy. Convergent
partition functions with a canonical ensemble for both electric and magnetic charges
do exist in that case [44].
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The maximum value of Spr(q,p) — ¢“'qz in the sum is well approx-
imated by F(¢,p) if the charges are large. Contributions from other
states to F(¢,p) are exponentially suppressed and at most equal to 1.
Therefore the Legendre transformation is a good approximation to the
microcanonical entropy Spr(g,p) in the classical limit.

A partition function like (2.43) is also natural from the point of view
of microscopic counting of states in string- or M-theory. In that approach
the microstates are viewed as states of a D-brane or M-brane system. The
magnetic charge p defines in a sense the field theory on the brane, p is
analogous to the N of an SU(N) gauge theory. In the two-dimensional
SCFT, p determines to a large extent the field content and correspond-
ingly the central charge. The electric charge ¢ on the other hand can vary
between the states of the theory. This picture therefore naturally leads
to a partition function as (2.43).

The connection between the prepotential F'(X) and F(¢, p) is a sign of
a more fundamental relation. The remaining part of the section explains
that the relation (2.41) survives the addition of perturbative and non-
perturbative (instanton) corrections. N = 2 supergravity is generically
not renormalizable. A given action must be considered in the Wilsonian
sense, it is only valid up to a given energy scale. Corrections to the
classical action involving more derivatives can be calculated in the more
fundamental string theory. The prepotential can acquire in this way a
dependence on the supergravity multiplet which results in the appearance
of R?-terms in the action. The precise form of such terms is constrained
by supersymmetry. A consequence of these terms are corrections to the
black hole entropy which invalidate the Bekenstein-Hawking area law. We
first discuss the corrections to the macroscopic entropy and then explain
the relation with topological strings.

The dependence of the prepotential on the supergravity multiplet is
usually denoted by the field A. Since the superfield A is the square of
the Weyl superfield W from superconformal gravity, A is given by the
square of the anti-self-dual auxiliary field T~

A=(T7)?% (2.44)
and therefore is itself an auxiliary field. The dependence of F(X, A)on A

changes the identities (2.25). The superconformal symmetry determines
in the current situation

XAFA(X,A) + 2AF;(X, A) = 2F(X, A), (2.45)

where F;(X, A) = OF(X,A)/0A. Using the homogeneity of F(X,A),
the quantity Y in F(Y,Y) is given by T = Z2eK A.
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The vector multiplet action is again calculated as an integral over
superspace

Lyeet = Im [ / d%d%F(X,W%} : (2.46)

This leads to terms in the action, which are second order in the Riemann
tensor [45]

L k%) 1
MR- (iFC +he), 2.47
~ 167" Tom \17AC FC (2.47)
with ¢ = 64C—H P7C ) pe- The Weyl tensor €0 is the traceless part of
the Riemann tensor, C, . is anti-self-dual in both pairs pv and po. Eq.

pvpo

2.47) implies the following terms in the Lagrangian

( p g grang
o
> / drFy(X)(CTHX(T)¥ 2+ +cc (2.48)
g=1

where the F';(X, A) is expanded in A as

[e.e]

ZFQ X)A9L, (2.49)

The terms F,(X)(C~)%(T~)?972 represent the scattering of two gravitons
with 2¢g — 2 quanta of the auxiliary field.

The R2?-dependence of the Lagrangian changes the area law for the
black hole entropy. The entropy is properly calculated by Wald’s formal-
ism [19] with Eq. (2.11). One finds for the entropy of the supersymmetric
black holes [34, 45, 46]

Sei(q,p) = 7| Z|? — 2567Tm [FA(X, A)] , (2.50)

A is at the horizon equal to —64Z2e~ K. The entropy can be written as
an expansion in |Z|~2

Spu(q,p) =7 Y ag|Z|*7. (2.51)
g=0

The first correction to the tree-level prepotential (2.26) is a one-loop
effect. The corrected prepotential F(Y,Y) is

Do Y2YPY© ye

P(Y,T) = = 4 Dui5 T, (2.52)
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where D, = — 3 d:24(X) [34] with ¢2(X) the second Chern class of the
Calabi-Yau X. See for more details Sec. 3.1. At the horizon, the Y-
variables are fixed by their attractor values and T = —64. The entropy
for black holes with p® = 0 can again be expressed in terms of the charges
[34, 45, 46]

2 .
Spu(q,p) = Tr\/3 (p® + c2 - p) G- (2.53)

This expression for the entropy departs already from the Bekenstein-
Hawking area law. This was established by Ref. [47] in a first attempt
to find agreement between corrections to the leading microscopic entropy
derived in [3] and corrections to the horizon area. This entropy will be
obtained from an analysis of the partition function in Chapter 3.

The corrected entropy in Eq. (2.50) should have an interpretation
as a Legendre transform since it is a classical entropy. Interestingly, the
relevant function F(¢,p) is again the (now corrected) prepotential. One
needs now Eq. (2.49) to show

F(p,p) = 4rImF(Y) = 7ImF(2Y). (2.54)

The corrections to the low energy effective supergravity action can
be calculated in string theory [48, 49]. Calculation of these corrections
is a major topic in string theory and is known as “topological strings”.
Topological strings are also useful as a substitute toy model for physical
string theory since many interesting quantities are explicitly calculable.
We suffice with a couple remarks about topological strings since a proper
review would lead us too far from our topic. Topological strings were first
introduced by Witten in [50]. A major work in the development of the
subject is [48]. Recent reviews are [51, 52, 53]. Topological string theory
considers maps of a string worldsheet 3 into the Calabi-Yau X. One can
show that the amplitudes are independent of the Calabi-Yau metric after
a “twisting” of the fields. The relevant twist in our context is the so-called
A-twist. The A-twisted theory counts the number of holomorphic maps
from the Riemann surface into the Calabi-Yau.

The topological string free energy has a genus expansion

o0

Fiop(t,X) = > A9 2 Fiop(t), (2.55)
g=0

with A the topological string coupling constant and ¢ the complexified
Kahler moduli t = B + iJ. The topological string partition function is
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invariant under translations t — ¢ + 1. The topological string free energy
F,(t) is a generating function of the Gromov-Witten invariants Ng

Fipg(t)= Y Nie?rita (2.56)
qEH> (X7Z)

The invariants N generically take values in Q and count maps of genus
g Riemann surfaces into the Calabi-Yau.

The topological string free energy Fiop(A,t) and the prepotential are
related. The Kéahler moduli are given in terms of the projective coordi-
nates by

XA
th = <o (2.57)
The lowest terms in the expansions of Fyop(t,\) are [54, 48] 3
—274)3 dapet 0t —2mi
Ftop(t7 )\) _ ( ﬂ'z) abe + T CQata R (258)

6 A2 24

The first term is the contribution from the constant maps and gives the
volume the Calabi-Yau. This has to be compared with the expansion of
the prepotential at the attractor point
LdgpeY?YPYe 1 Yo
- _l’_ 762017
6 Yo 24 “7Y0
We observe from the one-loop contribution that Fiop(t, ) = —2miF (Y, T)
if we make the identification t* = % and \ = i%. The variables Y4
are at their attractor values, therefore A is determined in terms of the
charges as +4m4/645/p>.

Now the relation between the prepotential and the topological string
free energy is derived, F(¢, p) can be expressed in terms of Fiop

FOY, ) o, = — ¥ (2.59)

F(¢,p) = Fiop(t, \) + Fiop(t, A). (2.60)

This equation is the basis of the conjecture by Ooguri, Strominger and
Vafa [5] that the black hole partition function Zpy is related to the topo-
logical string partition function Zi,, = exp(Fiop) by

ZpH = | Ziopl? (2.61)

with the proper identification of variables. The function Zi, is expected
to be divergent which is consistent with Zpy being divergent.

3 The coefficient of F} is taken from Ref. [48]; that coefficient differs by a factor of
two from the erroneous coefficient in Ref. [54].
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Much effort has been put in the recent years to test this conjecture
and place it on a firmer footing. Some references are [55, 56, 57, 58, 37,
but this list is by no means exhaustive. The conjecture was also one of the
motivations for the research presented in [59], which is one of underlying
papers for this thesis. In the subsequent chapters, we will perform an
analysis of Zpy and give an interpretation of (2.61). The supergravity
approximation of the black hole entropy by a Legendre transform must
break down at some point. The instanton corrections of the topological
strings might be in some parameter areas of the same order of magnitude
as the errors due to the Legendre transform.

The discussion about black holes and their partition functions in this
section is led from a (semi)-classical prospective. Since the (super)gravity
solution for given charges is essentially unique, (super)gravity does not
seem to capture a vast number of degeneracies to explain Sgy (g, p) micro-
scopically. To explain the entropy, one would like to relate supergravity to
a quantum theory with a Hilbert space such that we can count the degen-
eracies of states with given charges. However, the quantization of gravity
is notoriously difficult. The gravity coupling constant has a positive mass
dimension and conventional renormalization methods by counter terms
are not applicable. Also the idea of quantizing the Lorentzian metric
leads to conceptual issues, for example about causality. Therefore, we
do not attempt to find the black hole microstates in four-dimensional su-
pergravity. Instead, we will show in later chapters how the microstates
can be identified in 11-dimensional M-theory, a theory proposed in 1995
[60, 61, 62, 63]. Already in the next section, where we review AdS3/CFTy,
we will get a flavor how extra dimensions can help us to find the micro-
scopic entropy.

Interestingly, a lot of progress has been made in the recent past to
identify the black hole entropy by microstates in the supergravity. These
developments started were initiated by the fuzzball proposal which states
that every microstate corresponds to a horizon-free non-singular super-
gravity solution [64]. Finding the microstate solutions is a vast subject
by itself which in the rest of the thesis will not be touched upon. See for a
recent review [65]. Refs. [66, 67] adapt this approach to four-dimensional
N = 2 black holes.

2.2 The AdS;/CFTy correspondence

The previous section motivated the analysis of the black hole partition
function Z(¢, p) by black hole entropy. This section gives a second moti-
vation, namely the AdS/CFT correspondence [68, 6, 7, 8], which suggests
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that Z(¢,p), as a CFT9 partition function, equals the partition function
of M-theory on AdSs. This section reviews the AdS3/CFTy correspon-
dence in the context of supersymmetric black holes. The second part of
the section studies gravity in AdS3 to learn which features one expects of
an AdSs-gravity path integral.

The AdS/CFT correspondence, as proposed by [68], is not the first
connection between AdSs and CFTy but it is the strongest and has been
tested intensively over the last decade. Ref. [69] recognized already more
than two decades ago that the algebra of asymptotic symmetries of AdSs
is a Virasoro algebra, which is familiar from two-dimensional conformal
field theories. The value of the central charge of the dual theory can be
obtained by study of the asymptotic symmetries and the entropy of black
holes in AdSs can then be calculated by the Cardy formula. Another
relation between AdSs-gravity and conformal field theory is described
in [70, 71]. These references describe how gravity in three dimensions
is related to topological gauge theory (Chern-Simons theory) and how
Chern-Simons theory is related to conformal field theory.

2.2.1 The correspondence

To realize the connection between the supersymmetric black holes and
AdS3, one needs to describe the black holes in M-theory. Four-dimensional
N = 2 supergravity can be obtained as a reduction of M-theory on a six-
dimensional Calabi-Yau X times a circle 51{/1‘ A Calabi-Yau is a compact
manifold with two, three and four dimensional cycles, more details of
Calabi-Yau manifolds are given in Chapter 3. The fundamental objects
of M-theory are a two-dimensional M2-brane and a five-dimensional M5-
brane. The worldvolume theory of the M2-brane contains 8 scalars which
represents the position of the brane. The most important field of the
Mb5-brane worldvolume theory is a self-dual gauge field H.

The massless bosonic fields in 11 dimensions are the metric g,,, and a
three-form potential A3 which is sourced by the M-branes. The various
massless fields in four dimensions can be obtained from a reduction of
the 11-dimensional fields [72, 73, 74]. For example, the gauge fields Fy,
are the four-form fields strengths F4 reduced on a two-cycle A® in the
Calabi-Yau. The moduli X% can be obtained similarly by reductions of
the gauge field and metric. The gauge field FSZ, and modulus XV are
related to the compactification circle 51{4'

The electric ¢4 and magnetic charges p4 have a beautiful interpreta-
tion in the M-theory picture [3]. The black hole is sourced by a stack of
Mb5-branes which wrap both a four-cycle in the Calabi-Yau and the circle.
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The wrapping number of the four-cycles are p®, a = 1...dim Ho(X,Z). A
non-zero flux of H generates the M2-brane charges ¢, in the non-compact
dimensions. See Chapter 3 for some more explanation. The charge qg is
related to the momentum around 51{4. The black hole entropy is asso-
ciated with the microstates of the field theory on the Mb5-brane. The
number of microstates of the M5-brane theory is most easily analyzed af-
ter a reduction of the M5-brane degrees of freedom to the two dimensions
given by time and the circle 51%/[-

To rely on the low energy limit of M-theory, the radius R of the circle
and the size of the Calabi-Yau Vx must be parametrically larger than the
11-dimensional Planck length ¢p. The size of the X is not determined by

2
the attractor mechanism. Instead one can show that gg/p ~ V3 R? /(5.
Therefore, (jg’ > p for the low energy approximation to M-theory to make
sense [68].

A reduction to five dimensions instead of four dimensions is valid when
the magnitude of the Calabi-Yau is much smaller than the radius R of
Sﬁ/[, thus R® > Vy, and we are interested in length scales smaller than
R. For the discussion in this section, we consider R/{p — oo such that
effectively five dimensions are non-compact. Moreover, it is assumed that
the four-dimensional black hole is represented by a single infinite black
string formed by Mb5-branes. In general we can write for the action of
this system

I= Ibulk + Istring + Iint; (262)

where Iy, describes the physics in the five non-compact dimensions,
Isiring the physics on the black string and Ij,; the interactions between
these two systems. The bulk action for the metric and the gauge field is

1
167TG5

Shulle = / d’z+/|g|(R — Fu F*). (2.63)
The theory on the black string can be shown to be a two-dimensional
conformal field theory

We will take the low energy limit in two different regimes of the param-
eters, this limit is known as the decoupling limit. A comparison between
the two limits leads us then to the AdS/CFT-correspondence. Invariance
of the black string metric under part of the supersymmetry is essential
for a valid comparison between the two limits. As in the four-dimensional
case, a supersymmetric black object is also extremal. As a consequence,
its entropy is determined in terms of its charges and does not depend on
G5. Deformations of the parameters therefore do not change the (leading)
number of states.
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The low energy limit is the limit where the Planck length f/p ap-
proaches 0. To determine the effect of this limit on the action and the
metric, one needs to know the dependence of the five-dimensional New-
ton’s constant G5 and electro-magnetic coupling p5 on the Planck length
fp and size of the Calabi-Yau Vy. This can be derived from the 11-
dimensional parameters G1; and pq1. Since G ~ K%, G5 is given by
G5 ~ 3 /Vx. Since the two-form potential F), in Eq. (2.63) descends
from the four-form potential F; by integrating over a two-cycle in the
Calabi-Yau, u11 [ d3xAs = ps [ drA. This quantity is dimensionless,

1

such that us scales as V)g l1§3. The relevant low energy limit fp — 0 is
supplemented with the requirement that Vx /f% = v is fixed.

The first regime, G5 > 0, is where the infinite string is so massive
that it is a black string. The metric for the corresponding geometry is
given by

ds® = f(r) " (=dt® + d2?) + f(r)?(dr® + r?d6? + r* sin®0de?), (2.64)

with f(r) qualitatively

f(ry=1+ 77, (2.65)

where p is a measure for the number of black strings. We have only
expressed the r-dependence important in the different limits. See for the
correct expression of the metric for example [75].

An observer at infinity can detect low energy modes from two different
sources, namely low energy modes in the bulk but also higher energetic
modes originating from the throat of the geometry. These modes are
redshifted and will be detected with a lower energy by the observer. The
detected energy E is given in terms of the original energy E, by E =

f (r)féEp. Tlie redshift factor for modes originating from deep in the

throat is (UVE /p)E, with U? = é. Therefore, to analyze modes at a
fixed energy E in terms of the compactification scale V%, one needs to
keep U fixed. This limit transforms the metric to AdSs x 52

2
(—dt* + dz*) + —p‘%+p—g(d92+sm29d¢2) . (2.66)
V3 3

ds? B UQU%
%

The radius ¢ of AdS3 is equal to 2£pp/vl/3, which is equal to twice the
radius of the sphere.
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The supergravity approximation is only valid if the curvature radii
of AdS3 and Ss are parametrically larger than the Planck length. This
translates into the condition

Ep P

T T > 1. (2.67)

v v
The next subsection introduces the concept of a central charge cy for
AdSs, this quantity is given by (3¢/2G3) which becomes for the present
situation ~ ¢3/G5 ~ p3. This will be confirmed in Chapter 3 from the
CFT point of view. In that chapter is also shown that the classical entropy
is an accurate estimate of the microcanonical entropy in this limit.

The important feature of this specific low energy limit is the decou-
pling of the bulk low energy modes and the modes which originate in
the throat. The geometry corresponding to the modes of the throat is
AdS3 x S?. We will see a similar decoupling when we take the low energy
limit in the second regime.

Next, we take the low energy limit is the opposite regime of Eq. (2.67),
p/v% < 1. In this regime, the back reaction of the string on the geometry
disappears. The space is flat. The interaction Lagrangian I,z has an
expansion in positive powers of G5 ~ 6193 /Vx. The low energy limit will
therefore result in the vanishing of Ili. Consequently, the limit again
decouples two systems, in this case the bulk theory and the brane theory.
Since the bulk theories are equal in both regimes p/ v3 > 1 and p/ V8 < 1,
Maldacena conjectured in Ref. [68] that the theory on the black string
must be dual to the fundamental theory of physics on AdSz x S?xCY.
This duality is known as the AdS/CFT duality. “Dual” implies that every
state in the CFT corresponds to a state in (super)gravity. In many cases
correlation functions on one side of the correspondence can be obtained
by calculations on the other side of the correspondence [6].

Many subtleties are omitted in the above discussion. An example is
the role played by the moduli in five dimensions. These scalars are fixed
at the horizon, similar to the moduli in four dimensions. However, the
number of states can depend discontinuously on the asymptotic moduli.
This dependence on the asymptotic moduli is attributed to the Coulomb
branch of the theory [5]. The precise mechanism is however still subject
of studies, see for example [37, 66].

Soon after the original proposal, the AdS/CFT conjecture was more
formalized. Especially the presence of a boundary of AdS-spaces played
an important role to make the correspondence more precise. The dual
brane theory is a conformal field theory which resides on the boundary of
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AdS,. The boundary conditions of the gravity fields are sources for the
fields in the conformal field theory [7]. The AdS/CFT correspondence
is supposed to be an identity at the level of partition functions. The
partition function of string theory or M-theory on AdS, times a compact
manifold with boundary conditions [¢] is dual to a conformal field theory
on 0AdS with sources ¢g

ZM—theory ([¢0]) = ZcrT(¢0) (2.68)

or

Doy e 5@ = (eloras O (2.69)

o CFT

In Chap. 3, the partition function is calculated on the CF'T side of
the correspondence. This CFT partition function is shown to admit an
interpretation as a gravity partition function. In the next subsection,
gravity in AdSs is studied. This will give us an idea what to expect of a

partition function of gravity in AdSs.

2.2.2 Gravity in asymptotic AdSs

In this section we introduce gravity in three dimensions. More specifi-
cally we will study three-dimensional metrics which are asymptotically
AdS-spaces. We consider various metrics of AdSg, which have different
physical interpretations. The evaluation of the action of a metric is dis-
cussed, which is relevant for a semi-classical analysis later. Black hole
thermodynamics in three dimensions is reviewed and we comment on a
chiral action of general relativity.

We consider metrics with Lorentzian signature. Lorentzian AdSs is
the Lorentzian analogue of three dimensional hyperbolic space. The cur-
vature of hyperbolic space is constant and negative and so is the curvature
of AdS. AdS3 can be represented as a Lorentzian hyperboloid, which are
the points in R?? satisfying

X2+ X} - X2 - X2=1/2 (2.70)

¢ is a measure of the “size” of AdS3. The isometry group of the hyper-
boloid is SO(2,2). A solution to Eq. (2.70) is given by

Xo ={coshpcost/l, X, ={coshpsint/l,

Xy =/{sinhpcosp, X3 = {sinhpsinp. (2.71)

The domains of p, ¢t and ¢ are respectively [0,00), [0,27¢) and [0, 27).
This coordinate system is known as the global coordinate system. We
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can “unwrap” the domain of ¢ to (—o0,c0), the resulting space-time is
causal. The metric of R%?

ds®* = —dX? — dX? 4+ dX3 +dX3, (2.72)
induces a metric on AdSs given by
ds* = — cosh®p dt?® + (2dp? + £? sinh? dp?. (2.73)
Another solution of the hyperboloid equation (2.70) is
Xo=(r/0Ot, Xi= (4 (r/0)*(2*—1t*+(%)) /2r,

X2 = (T/E)IE, X3 = (£2 + (’I"/E)Q(l'z — t2 — 62)) /27“ (274)
This solution leads to the metric
2 2 2 r? 2 2
ds® = T—er + 17 (—dt® + dz?), (2.75)

where r is the radial coordinate with domain (0, 00), ¢ is again the time
coordinate and x is a spatial coordinate. These coordinates are called
Poincaré coordinates, they cover only half of the hyperboloid. This form
of the AdS-metric also appeared in the near-horizon geometry of black
holes (2.10) and black strings (2.66).

An important feature of AdS-spaces is the presence of a boundary.
The boundary of AdSs is not apparent in the global coordinate system.
To make the boundary of AdS3 manifest we change coordinates by tan f =
sinh p, 0 < 6 < 5. The metric becomes

2

ds* = C(fSQ J (—dt?/ 0% + do* + +sin*0 dp?) . (2.76)
This form of the metric suggests a “conformal compactification”, an over-
all rescaling of the metric by (¢2/cos?§)~!. Such a rescaling does not
change the causal structure of the space. The coordinates of 6, t and ¢
describe a solid cylinder, which has a natural boundary, represented in
this case by the coordinates t

and ¢. We usually write that the space with metric (2.73) has a
boundary at p = co, with boundary coordinates t and ¢. In terms of the
Poincaré coordinates (2.75), the boundary is situated at r = co.

Now we have seen a view features of AdSs3, we will discuss some rele-
vant physical aspects. The metrics (2.73) and (2.75) are solutions of the
vacuum Einstein equations with a cosmological constant A = —e%

1
Ry, — §g,“,R + Agu =0. (2.77)
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Since AdSs3 is a maximally symmetric space, the Riemann curvature ten-
sor is given by

1
Ryvpe = 2 (gupguo - guong) . (2.78)

The Ricci scalar R of AdSs is constant and equal to —e%.

The equations of motion (2.77) can be derived from an action. An ac-
tion principle is particularly useful for the transition from classical physics
to quantum physics by the path integral approach. A satisfactory quan-
tum theory of gravity is not yet established but we will see that the action
principle is useful for a semi-classical analysis of gravity. The action for
gravity in AdSs is the Einstein-Hilbert action with a cosmological con-
stant

Thuk = d? —2A 2.
i = Tng [ AeVlal (R =24). (279)

where G5 is the gravitational constant in three dimensions, g is the de-
terminant of the metric g,,. The action has the subscript “bulk” since
the presence of a boundary needs the addition of a term Iyoundary. This
is necessary since variation of R with respect to g,, results in a total
derivative. The boundary term ensures proper transformation proper-
ties. The boundary term is an integral of the extrinsic curvature K over

the boundary
1
Thoundary = ———— d*z+/|h| K, 2.80
boundary 167TG3 /(‘)AdS x | | ( )

where hy,, is the induced metric from g,,, on the boundary: h,, = g, —
n,n,, with n, an orthonormal vector to the boundary. K is given in
terms of hy,, and ny, by h;V,n”. The sum I(g,) = Ibuk + Ihoundary has
proper transformation properties and Eq. (2.77) can be derived.

An action principle for gravity provides a way to determine the rela-
tive probability of different metrics. Gravity in three dimensions is distin-
guished from gravity in higher dimensions since topologically equivalent
solutions are related by coordinate transformations. In other words grav-
ity in three dimensions does not have local degrees of freedom. This
can simply be seen by a count of the parameters in the Hamiltonian
approach. Space time is decomposed in this context in space-like hyper-
planes together with a time parameter ¢ describing time-evolution. In
a d-dimensional space time, the metric of the space-like hyperplane pro-
vides us d(d — 1) /2 fields, which together with their d(d — 1)/2 momenta
add up to d(d — 1) degrees of freedom. These d(d — 1) d.o.f. are reduced
by d(d — 1)/2 initial value conditions and d coordinate transformations.
So we end up with a total of d(d — 3)/2 degrees of freedom, which indeed
vanishes for d = 3. As a consequence, gravity waves do not exist in three
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dimensions and all AdSs-spaces are locally equivalent. The geometries
are not necessarily globally equivalent, a fact we will explore shortly.
The metric known as “thermal AdS3” is obtained by introducing a
radial coordinate » = £sinh p in Eq. (2.73). The metric is given by
r? + 02 2

dt? +

2 _
@ =""p 212

dr? + r2de?. (2.81)

We note that in the limit r — oo, this metric reduces to AdSs metric in
Poincaré coordinates (2.75).

We are interested in a path integral approach to quantum gravity,
that is in a sum over geometries weighted by the exponent of the action
[76]. As in quantum field theory, the path integral is better behaved after
a Wick rotation to Euclidean time tg = —it. The Euclidean form of the
metric in Eq. (2.81) is

2, 42 2
gt = g2 Tiﬁdr? +r2d?. (2.82)
A finite temperature in Lorentzian space translates to a periodic time
after rotation to Euclidean space. We give tg a periodicity by identifying
tg with tg 4+ 2w79f. The temperature is related to the “length” of time
T~ = 27mf. We introduce a more general periodicity by combining the
translation in tg by a translation of ¢

(tg, @) ~ (tg + 277m2l, o + 27071). (2.83)

This identification and the original periodicity in ¢ can be summarized
by the complex coordinate z = (¢ + itg/{)/2m

z~z+mT+n, (m,n) € Z. (2.84)

Compactification of the time coordinate transforms the infinite cylinder
into a torus, which is conveniently parametrized as a lattice in the complex
plane. The complex structure parameter is given by 7 with Re(7) = 7
and Im(7) = 7. Taking r — 0 shows that the one-cycle of the torus
parametrized by ¢ is contractible in the solid torus, whereas the one-
cycle parametrized by t is not contractible. We will refer to the metric
Eq. (2.82) as the Euclidean metric of thermal AdSs.

The identification (2.83) is complex in Lorentzian signature. This
suggests that we should also take a complex identification for ¢. We
define

(t, ) ~ (t + 2miTal, @ + 2miT1), (2.85)
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with 7 = i7; and 75 = .

To make a step towards a quantum theory of gravity, we would like to
evaluate the Euclidean action Ig(g,. ) explicitly, such that we can compare
exp(—Ig(guw)) for different metrics g,,,. Naive evaluation of the integrals
leads however to divergences, since asymptotically AdSs-spaces are non-
compact. A well-known regularization procedure exists [77, 78, 79] to
subtract the infinities. Application of this procedure to thermal AdSg is
straightforward. We make a coordinate transformation (note that this p
is different from the one appearing in Eq. (2.73))

L
SRy
such that the boundary of the solid torus is at p = 0 and the center of the

interior at p = 1. This transformation brings the metric in Fefferman-
Graham [80] form

(2.86)

0 dp

ds® =
4 p?

+p- gl]dac ‘da? (2.87)
where the indices (i, ;) are indices of the boundary coordinates, in this
case t and ¢. The metric g;; can be expanded as a function of p. We
obtain in this case

gQ

%(p % gee =P = 1% (2.88)

The regularization is now performed by replacing the boundary at p = 0
by p = €. The infinities are in this way easily identified and can be
subtracted in a covariant way. For the action of thermal AdS3, we obtain

gt =

mlry 2wl

G, ~ 24 —(epT — ¢RT), (2.89)

IE,thermal = -
with ¢, = cg = . The expression of I thermal i terms of ¢z, cg and 7
is suggested by the close connection between AdSs gravity and conformal
field theory. The obtained value for ¢y, and cgr confirms the value found
earlier by the analysis of asymptotic charges [69)].
Another important metric in AdSs is the rotating black hole metric
found by Banados, Teitelboom and Zanelli [81] and is given by

ds? — _(7”2 - 7’3)(7“2 —r- )dt2 r?

02r2 (r2 — ri)(rQ —72)

<d +”T CZ) , (2.90)

dr?
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where r; and r_ are respectively the radii of the outer horizon and the
inner horizon. Note that rotation to Euclidean signature ¢ — —it makes
the metric complex. This is however not harmful, see for example [82].
The limit » — r; shows that in the black hole space-time the thermal
circle is contractible and the circle parametrized by ¢ is non-contractible.

The three-dimensional black hole (2.90) satisfies a first law of black
hole mechanics similar to (2.4) for four-dimensional charged black holes.
The BTZ black hole carries angular momentum J instead of the electro-
magnetic charges ¢ and p of the Reissner-Nordstrém solutions. The mass

M and the angular momentum J are determined at infinity by the ADM
7‘ +r2

method [13]. M and J are given by M = 8G 45z and the angular momen-
tum J = — ZGTZ The horizon length, surface gravity and angular velocity

are determmed at the horizon. The horizon length given by L = 27ry,

2 2
the surface gravity at the horizon by x = ;;TW and the angular velocity

at the horizon by Qg = —%. The first law reads in this case
oM = i/ﬁ? 0A + QpdJ, (2.91)
o 4 " '

The second and third law of black hole mechanics [14, 1] are also applica-
ble in three dimensions. The temperature is again related to the surface
gravity by Tgg = k/2m. The entropy of the three-dimensional black hole
is correspondingly L/4G3 = 7ry /2G5. This value of the entropy agrees
with the Cardy formula and the central charge obtained by studying the
asymptotic symmetries. The Cardy formula expresses the leading entropy
in terms of the central charge, see for more details Sec. 3.3.2.

Since there are no degrees of freedom in three dimensions, the black
hole metric (2.90) can be obtained by a coordinate transformation from
the thermal metric (2.81). The following change of variables transforms
the thermal AdS metric to the black hole metric

2

r— B 2 T2 T+
t —>17t+27"+(p, Y — ZTZ +17§0, 7" — 0 rij (292)

Similarly as in the case of thermal AdSs, a finite temperature is equal
to a complex periodicity. The periodicities of the rotating black hole are
[83]

2mr+€2 2mir_{
ri—r? Ty —T-

The black hole has the same periodicities (2.83) as thermal AdSs if we
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express 4 and r_ in terms of 7| and 7» by

Tol —714

T+ = —5——=5 r_— = .
~92 ~9 ~9 ~92

Ty — T TS T

(2.94)

In terms of the Euclidean coordinates tg and 7, the coordinate transfor-
mation (2.92) is
z

Z— ——. (2.95)
T

This shows that the black hole and thermal geometry are related by a
modular transformation 7 — —1/7. As in the case of thermal AdSs3, we
can evaluate the Einstein-Hilbert action. After renormalization we find

Tr4
S =—— 2.96
E,BTZ 1G5’ ( )
With the given values for 7, this can be written as
2mi 1 1
SeBTz = - | —CL= tcr= |- (2.97)
24 T T

This is of course not unexpected, since (2.95) shows that the geometries
are simply related by a modular transformation 7 — —1/7.

One of the distinguishing features of three dimensional gravity is that
diffeomorphism invariance and Lorentz invariance can be seen as gauge
invariance of a proper gauge theory [84, 70]. The gauge fields are respec-
tively the vielbein ej; and the spin connection wY,- We will view these
as one forms e® and w9. We define moreover w® = %eabcwbc. The gauge
group of the gauge theory is naturally SL(2,R)T ® SL(2,R)~. The gauge
fields read in terms of e and w®

A = + %e“. (2.98)

The Einstein-Hilbert action (2.79) can be written as the difference of the
SL(2,R)" and SL(2,R)~ Chern-Simons action (up to a boundary term)

4 2
Fuk = 5 / APFAA™ 4 2 oA AP A (2.99)

4 2
- / A" AAYT 4 Segpe AT AV AT
l 3
where the product is the wedge product.

Our interest in later sections will be in theories which contain besides
the Einstein-Hilbert term more fields and interactions in the Lagrangian.
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Especially we will be concerned with supersymmetric theories and their
supersymmetric states. The symmetry group of AdSs is SO(2,2) which
is locally equal to SL(2,R)* ® SL(2,R)~. The symmetry groups are
extended to supergroups in a supersymmetric theory. States can be de-
composed into representations of the supergroups. To preserve supersym-
metries we require that the theory resides in its ground state with respect
one chirality. This would imply that the partition function is independent
of 7 and thus holomorphic.

A second possibility for a holomorphic action of 7 is a chiral version
of pure gravity. The connection between three-dimensional gravity and
Chern-Simons theory suggests a natural candidate for such a theory. The
Chern-Simons action Ics(A™1) of SL(2,R)™ is in terms of the familiar
gravity quantities [70]

2
Ies(AY) = 7 1bu + es(w) (2.100)
+/ 1 ade® + a b c_|_ 1 a .a
—e%de —eabcw e’e e“w?,
Ads ¢ 2 ¢ Joaas

Icg(w) is known as a gravitational Chern-Simons term. Addition of such
a term to the action was first studied in [85] and is known as topologically
massive gravity.

The vielbeins of the BTZ black hole are given by (with f2(r) = (r? —

1) = r2)/r22)

el =f(rydt, E=fr)dr, € =r(dp— mr dt).  (2.101)
They determine the spin connections to be
1 / TQ 2 iy rer_
Wy = [FO)f(r)+ 5 S ) At —dy ﬁdw o de,
1 Argr—
w 3 = Wf (T‘)dr, (2102)
who o= —f(r)de

It is suggestive that an evaluation of Eq. (2.100) with the given ex-
pressions of the vielbein (2.101) and spin connection (2.102) will lead to
a holomorphic action in 7. This hypothesis suggests that the action of
the black hole is given by

211 —1 s .
Ig Tz = 21 CL <T> TN (ry +ir_). (2.103)
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Refs. [86, 87] study the contribution of the Chern-Simons term to the two-
dimensional energy-momentum tensor by a gravity computation. This
does agree with the expectations.

A variant of the Chern-Simons action as a function of w, is the Chern-
Simons action as a function of I'j,,. The difference between the two actions
is that Lorentz invariance is broken in case of the spin connection and
diffeomorphism invariance is broken in case of the Christoffel symbols.
The theory gained a degree of freedom which is massive [85], see also
[88].

At the classical level, gravity and Chern-Simons gauge theory seem
equivalent. However if one quantizes Chern-Simons theory as an attempt
to quantize gravity, one encounters the problem that the phase spaces can
not be equivalent. Namely, a vanishing expectation value of the gauge
field is a valid field configuration in the gauge theory. This would however
correspond to a singular configuration from the point of gravity. Asserting
that such states have to be allowed is problematic.

Around Eq. (2.95), we have seen that thermal AdSs and the BTZ
black hole are related by the modular transformation 7 — —1/7. We
show now that by such modular transformations a much larger class of
AdSs-geometries is related to each other. All these geometries are asymp-
totically equivalent. They would therefore be relevant for the gravity path
integral of AdSs in the spirit of Eq. (2.68).

As a start, consider a Lorentzian AdSs geometry with periodicities of
(t, )

(t, @) ~ (t, o+ 2m) ~ (t + 2miTa, p + 2miTy), (2.104)

where the complex identification is the “thermal identification”. This
identification is naturally related to an Euclidean geometry with identifi-
cations

(tEa ()0) ~ (tE, 2 + 271') ~ (tE + 2777—25 2 + 27[-7—1)’ (2105)

The holomorphic one form of the Euclidean geometry is 2ndz = dp +
idtg/¢. The identifications (2.105) suggest a basis of one cycles given by

(a, B) such that
/ dz =T, /dz =1 (2.106)
a B

The two cycles have unit intersection aN @G =1and aNa=8NG=0.
AdS3 can be viewed topologically as a solid torus. A solid torus
contains a contractible cycle. Generically, neither o nor 3 is contractible.
Therefore, it is more convenient to use a basis (A, B) (with ANB =1 and
ANA =0 = BNB = 0), where A is chosen to be the primitive contractible
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cycle. A can be written in terms of the basis («a, 3) as A = ca+ df. The
integers (c,d) are relatively prime. Then the intersection AN B = 1
determines that B = aa + b8 such that ad — bc = 1. Since AN A = 0,
choices of B which differ by a multiple of A are equivalent.

The condition ad — bc = 1 shows that the two bases are related by an

element v = a b ) of I' :== SL(2,7Z). And the equivalence of choices

d
of B determines that the geometries are in one-to-one correspondence
with the left coset I'no\I'. The group I's is the parabolic subgroup of
11
0 1
determined by the pair of relative prime integers (¢,d) = 1. The cor-
respondence with the coset is due to [89], earlier was a relation with I'
suggested [90].

The cycle A determines the physics of the geometry. For example,
the thermal AdSs-geometry has a spatial contractible cycle A : p 4 itg ~
¢ + itg + 2m. In terms of the basis («, ), A is given by (0,1). In
the BTZ black hole geometry, the time-circle is contractible A : ¢ +
itg ~ @ +itg + 277y + 2miTe, A is thus (1,0). Therefore, all geometries
correspond to Euclidean black hole geometries except for the geometry
with (¢,d) = (0,1). Fig. 2.1 demonstrates the contractability of the

different geometries.

(0,1) (1,0 (1,1)

translations and is generated by ( ) FElements of the coset are

Fig. 2.1: From the left to the right: thermal AdSs; with the §-cycle being con-
tractible, the BTZ black hole geometry with the a-cycle being con-
tractible, and the geometry with with the a4+ cycle being contractible.

A geometry with contractible cycle A = ca+d can be transformed to
the thermal AdSz-geometry. This involves the transformation z — 2
and correspondingly 7 — Z:r"g The FEinstein-Hilbert action of these
geometries is therefore

_ 2mi < ar +b a7“—|—b> ’ (2.107)

T = _
B(7) 24 CLC7'+ d CRC7_'+ d
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with ¢, = cp = 3f/2G3.

As remarked earlier, our interest in later sections will be in AdSs-
supergravity . We argued that the evaluation of such an action for a black
hole solution would be a holomorphic function of 7. The gravitational
part of such an action would therefore be

2micr, at + b
24 er+d

I hol(7) = (2.108)

The geometries given by (¢,d) = 1 should naturally be included in the
gravity path integral. The naive Ansatz for such a path integral is

2micy, gt
Zpas(r) = Y e E e, (2.109)
Foo\l

Whether these are all geometries which should be included in the sum
is a priori not sure. Other geometries exist with equivalent asymptotic
behavior, for example the cusp geometries. An argument not to include
these geometries in the sum is that their volume is finite and does not
need to be renormalized as we did for the other geometries. A later
analysis will show that the CFT partition function can be rewritten in a
form which closely resembles Eq. (2.109).

The path integral (2.109) is unfortunately divergent and a regular-
ization is required. One can determine the divergence and subtract that
from the path integral. To this end, rewrite the exponent for ¢ # 0 as

l

L

. Vi —24
CopifcLa__ % ) cr w 0 ( c(c7'+d))

e 71—1’(24 ¢ c(et+d) _ 6( 271 251/ C) E l—| . (2110)

=0

Convergence of the sum over (¢, d) can be shown for all but the term with
I = 0. Thus, this term has to be subtracted from the sum. We arrive at

2mic aT b
Zpas(r) = Y e 2 o) —r(a,0), (2.111)
Too\T

with

_27rich
T((I,C):{e 84 A zigu

This is the regularization suggested in Ref. [91] for the partition function
of pure gravity in AdS3. In case of negative integer weight more terms
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need to be subtracted. This was proposed earlier in Ref. [37]. We propose
that this is the proper way to regularize the gravity path integral in
AdSs, since the degeneracies are not changed with respect to the CFT
partition function Zcpr(7) and it holds for general weights depending
on the matter content of the theory. These assertions will be further
explained in Chap. 4. Another (erroneous) regularization was earlier
proposed in [89].

Note that the Laurent series of the series (2.111) must contain a prin-
cipal part, since the element (c¢,d) = (0,1) leads to a pole for 7 — ico.
When ¢1,/24 € N, the regularized series is related to the modular invari-
ant J-function. If ¢;/24 = 1, the series is equal to 2J(7) + 24, with
J(t) = ¢! +196884¢ + .... The term ¢! is referred to as a polar
term. Polynomials in J(7) are suggested in [92] as the holomorphic square
root of partition functions of pure gravity. The corresponding CFT for
cr,/24 = 1 is constructed by Frenkel, Lepowski and Meurman in [93] has
partition function |J(7)|?. Therefore, this CFT is conjectured to be the
dual of pure gravity with ¢y /24 = 1.

A series as (2.109) is known as a Poincaré series. In mathematics, the
Poincaré series generically have no principal part and a positive weight
> 2, since the exponent is multiplied by (¢ + d)~*. The series with the
regularization proposed above are referred to as a regularized Poincaré
series. The weight 0 regularization is in Chapter 4 generalized to non-
positive weight modular forms. This is essential to rewrite more general
CFT partition functions as a sum over geometries. Such Poincaré series
referred to in the physics literature as a Farey tail expansion [89], due
to the connection with Farey fractions, see Chap. 4 for more on this
connection.

One attractive feature of the Poincaré series (2.109) is that it is well-
suited to deduce phase transitions between different AdS3 geometries [89].
Such phase transitions were first described in four dimensions by Hawking
and Page [94] and interpreted in the AdS/CFT context by Witten [95].
We can understand the phase transformations by determining which term
in the sum (2.109) contributes most to the partition function. We have

2ncp, Im(7)
|Zaas(T)] < D e 2 Terra?, (2.112)
T\
So the combination of (¢, d) which maximizes ‘CI;I:EZ‘)Q determines the term

which contributes most to the path integral. This (c,d) describes the
dominant classical geometry. Phase transitions occur between geometries
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by variation of 7. The regularization in (2.111) does not change this
interpretation since its magnitude is always equal to unity.






3. BLACK HOLES IN M-THEORY

In the previous chapter, two main motivations were given for the study of
black hole partition functions. The aim of this chapter is to explain the
solution to the first motivating problem, the microscopic explanation of
the leading black hole entropy in A = 2 supergravity. This is possible in
the setting of 11-dimensional M-theory. The discussion of the AdS/CFT-
correspondence showed briefly how the black holes are described in M-
theory. Seven dimensions are compactified to a six-dimensional Calabi-
Yau manifold X times the “M-theory circle” Sﬁ/[. In Euclidean signature,
the time-direction of four-dimensional space-time is the circle S{. The
total 11-dimensional geometry is therefore R? @ T? ® X, where the torus
T? is a product of S} and Si;. The extra dimensions are crucial for the
explanation of black hole entropy, since they can accommodate branes
whose degrees of freedom account for the black hole entropy.

The black holes are sourced by M5-branes, which wrap 72 and a four-
cycle P inside the Calabi-Yau X. It is assumed that the M5-branes wrap
a single Calabi-Yau, such that an appropriate scaling of the parameters
results in a single AdSs-throat in the geometry. Sec. 3.1 studies the
low energy worldvolume theory of the Mb-branes and the way electric
charges arise by fluxes on the M5-brane. The worldvolume theory is a
scale invariant theory with /' = (2,0) supersymmetry. In the limit where
the typical length scale of X is much smaller than that of 72, the low
energy degrees of freedom of the M5-brane can be reduced to the 72.
There, they form a two-dimensional N = (4,0) SCFT, also known as
Maldacena-Strominger-Witten (MSW) CFT. ! The degrees of freedom of
this CFT account for the entropy of the single centered black holes. Sec.
3.3 defines a partition function for this two-dimensional superconformal
field theory and studies some of its properties. Sec. 3.1 reviews the Mb-
brane worldvolume theory. Subsequently, it determines the number of
degrees of freedom on T? after the reduction. Sec. 3.2 studies BPS states
in the SCFT. The partition function and the microscopic account of Sy

! Ref. [3] uses the convention that the supersymmetric side is anti-holomorphic such
that the CFT has (0,4) supersymmetry. Here the other convention is used since this
is more natural from the point of view of the signature of the charge lattice.
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are described in Sec. 3.3.

3.1 Mb5-branes on Calabi-Yau manifolds

The low energy limit of M-theory is 11-dimensional supergravity with 32
supersymmetries. Eleven is the maximum number of dimensions where
a supermultiplet does not contain fields with spin > 2. The presence
of an M5-brane breaks half of the supersymmetries. Therefore, only 16
supersymmetries are realized on the M5-brane. One can show that these
16 supersymmetries all have the same chirality such that the theory has
N = (2,0) supersymmetry [96, 97, 12]. The fundamental worldvolume
theory is a non-critical string theory in six dimensions. This is natural
from the M2-brane point of view. The M5-branes are associated with the
boundaries of M2-branes, analogous to the way D-branes are associated
with the boundaries (endpoints) of strings [98, 61, 99]. The zero modes of
this theory are five scalars, a self-dual three-form field strength H and four
chiral fermions. The five scalars are the coordinates X* in the orthogonal
directions to the M5-brane. The self-dual field strength and the fermions
form with the scalars a (2,0) tensor multiplet. The full six-dimensional
field theory is scale invariant.

Four-dimensional supergravity is obtained by a compactification on a
Calabi-Yau manifold X times a circle S%/I' In the Euclidean signature, the
time dimension is compactified as a circle S¢. The two circles combine
to the torus T2. Since the holonomy group of X is SU(3) (see next
subsection), % of the original supersymmetry is preserved. Therefore,
eight supersymmetries remain in four dimensions which is equivalent to
N = 2. The electric and magnetic charges in supergravity are naturally
associated to M2-branes wrapping two-dimensional surfaces in X and M5-
branes wrapping four-dimensional surfaces in X and 51{/1- The surfaces
are non-contractible (cycles) in X, which guarantees the stability of the
charges.

The black holes are bound states of magnetic and electric charges.
The M2-branes are embedded in the M5-brane as a non-zero flux of the
self-dual gauge field H. The electric charges ¢, are generated by this flux.
These notions are explained in some more detail in subsection 3.1.3. The
surface wrapped by the M5-brane has (complex) codimension one, which
is why they are often referred to as “divisor” of X. The next subsection
explains the relation between the magnetic charges p* and the divisor P.

To count the number of states of the M5-brane theory, it is conve-
nient to reduce the low energy degrees of freedom on 72 ® P to T?. Some
requirements need to be satisfied for this reduction to be valid. The low
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energy approximation to the M5-brane d.o.f. requires that the M5-branes
are scarce in X. This translates to the requirement that p?> < v. Note
that this is the second regime of the discussion on the AdS/CFT corre-
spondence and is opposite to the limit (2.67) where supergravity is valid.
Of course, also the typical length scale of X needs to be much smaller
than the length scale of T2. We assume that the order of magnitude of the
BPS degeneracies does not vary between these regimes. The leading en-
tropy will be determined by an index, which is invariant under continuous
variations of variables which preserve the supersymmetry.

The reduction of the M5-brane worldvolume theory leads to a variety
of fields on T?2. The precise number of fields depends on the topological
structure of P. Scalars arise on T2 by two effects: deformations of the
divisor in X, and the reduction of the three-form field strength H on two-
cycles of P. The number of fermions is similarly related to the geometry
of P. All these degrees of freedom together account for the black hole
entropy in four dimensions! After a short introduction to Calabi-Yau
manifolds, we will perform the reduction and determine the number of
modes on T2. This analysis is due to Ref. [3].

3.1.1 Calabi-Yau manifolds

We introduce complex three-dimensional Calabi-Yau manifolds and sev-
eral of its properties, see for more details for example [10, 12, 100] and
references therein. The complex three-dimensional Calabi-Yau X is a
compact Kéahler manifold with the additional constraint that its Ricci
curvature vanishes. This statement is equivalent to saying that the first
Chern class of the tangent bundle vanishes: ¢1(Tx) = 0. As a conse-
quence, the canonical bundle Kx of X (the line bundle, given by the
highest exterior power of the holomorphic cotangent bundle) is also triv-
ial, and therefore a global nowhere vanishing holomorphic (3, 0)-form 2
does exist. This form is unique up to multiplication by a scalar. The
Calabi-Yau condition can be formulated equivalently as the statement
that a Kéhler metric for X exists, which has holonomy group SU(3).
The holonomy group is the group of vector displacements under parallel
transport of the vector around closed loops. This shows that X contains
a covariantly constant spinor, since the generic holonomy group for six-
manifolds is SO(6) = SU(4). The existence of this covariantly constant
spinor leads to the presence of N' = 2 supersymmetry in the resulting
supergravity.

If the holonomy group of X is a subgroup of SU(3), then the super-
gravity contains more supersymmetry. Therefore, we make the restriction
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that Calabi-Yau threefolds have proper SU(3) holonomy. This is equiv-
alent to the statement that X does not admit holomorphic (n,0)-forms
for 0 < n < dim X = 3. Or yet another formulation is that the Cech co-
homology groups H"(X,Ox) = are trivial for 0 < n < 3; here Ox is the
sheaf of holomorphic functions on X. This definition excludes Abelian
varieties, and products of a K3 manifold and an elliptic curve as Calabi-
Yau threefolds. This more restrictive definition is also more common in
the mathematical literature.

The cohomology groups HP4(X) form the Dolbeault cohomology (0-
cohomology) of (p,q)-forms on X. The spaces HP?(X) are complex.
Dolbeault cohomology on Kéahler manifolds is a refinement of de Rham
cohomology

H"(X,C) = ®ppq=rH"(X). (3.1)

One of the basic characteristics of a compact Kéahler manifold is the
Hodge diamond, which presents the Hodge numbers h?9. These are the
complex dimensions of Dolbault cohomology groups h?? = dim H?9(X).
The Betti numbers b, are the real dimensions of the de Rham coho-
mology groups H"(M,R), they equal the sum of the Hodge numbers
b, = Zerq:T hP4. The *-operator on HP4(X) and complex conjuga-
tion impose relations among the Hodge numbers [101]. In addition, the
Calabi-Yau condition states that 239 = 1 and h?° = b0 = 0. The Hodge
diamond is then given by

h3:3 1
h3,2 h2’3 0 0
h3’1 h2,2 h1’3 0 h2,2 0
h3,0 h2,1 h1’2 h0,3 =1 h2,1 h1,2 1
h2 0 hl,l h0’2 0 hl,l 0
hl,O hO,l 0 0
Ro:0 1

Poincaré duality states that the de Rham cohomology group H" (X, Z)
is isomorphic with the homology group Hg_,, (X, Z). Therefore, the Hodge
diamond provides us also the number of independent n-cycles of X, for
example dim Hy(X) = h'!. The homology class of the divisor P wrapped
by the Mb5-brane can be expanded in a set of basis elements {A,} of
Hy(X,7Z) as p*A, with p® the wrapping numbers. The Poincaré dual
two-form of A, is denoted by «,. The Poincaré dual of the divisor is then
pPa, € H3(X,Z). We usually refer to the two-form p®a, by P, the same
symbol as for the divisor. A four-cycle P = p®A, might self-intersect
in points, where locally three components of P meet. The intersection
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number is given by [ x P3 = dgpep®p’p© = p® where

dape :/ g N o N O. (3.2)
X

As we can see from the macrocoscopic entropy formula (2.36), a non-zero
self-intersection of the divisor P is crucial for describing a blackhole with
a non-zero entropy.

3.1.2 Electromagnetic charges and their lattices

The electromagnetic charges g and p take values in the lattices A* + p/2
and A, as is argued in section 2.1 from the supergravity perspective.
For the following discussion, the shift of A* by p/2 is not crucial and
therefore we will ignore it. From the M-theory point of view, ¢ and p
naively correspond to elements of the homology groups Hy(X,Z) and
H,(X,Z), respectively. A closer inspection shows that the charges are
more accurately described by K-theory [102]. This thesis will nevertheless
treat the charges in the naive picture. Although, a pairing exists between
Hy(X,Z) and H4(X,Z) (the intersection number), appropriate quadratic
forms for Ho(X,Z) are not directly available. We will explain in the
following paragraphs how a divisor P leads to natural quadratic forms
for charges k* € Hy(X,Z) and ¢, € Ho(X,Z).

First, we consider the magnetic charges. The homology group Hy(X,7Z)
is isomorphic to the cohomology group H?(X, Z) by Poincaré duality. The
inclusion map ¢ : P — X induces a pull back map *

i H"(X,Q) — H"(P,Q), (3.3)

from r-forms on X to r-forms on P. The Lefschetz hyperplane theo-
rem [101] states that for positive divisors of a complex three-dimensional
manifold X, the map (3.3) is an isomorphism for » < 1 and injective
for r = 2. This implies that dim H!(P) is zero-dimensional, and con-
sequently that P does not contain any one-cycles. On the other hand,
the map H%(X,Q) — H?(P,Q) is injective: H?(X,Q) C H?*(P,Q). In
the next section we will see that for “black hole divisors” dim H?(P) >
dim H?(X).

Since the degree of the forms in H?(P) is half the real dimension of
P, the following inner product on H?(P) exists

Q: HX(P)® HY(P) — C, Qap,Bp) = /P ap ABp,  (34)
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where we gave the forms the subscript P to denote that they are two-
forms on P. This inner product is non-degenerate and symmetric. When
one chooses a basis of H?(P) in H?(P,Z), Q can be written as an integral
unimodular matrix, det @ = +1. It is integral since it can be related to
the intersection matrix of two-cycles of P by Poincaré duality. Since,
Ho(P,7) is also the dual space of H?(P,Z), @ must be unimodular [103].

The quadratic form for H?(P,Z) naturally provides us an integral
quadratic form D for H4(X,Z) by the pull back (3.3) on the Poincaré
dual forms in H2(X,Z). The map D : H*(X) ® H?(X) — C is given by

DmﬁﬁiéfaAm%:AqAﬁAP (3.5)

The quadratic form, written as a matrix, is dgp = dgpep® With dgpe the
earlier used triple intersection number of four-cycles (3.2). We have thus
established a lattice A for the magnetic charges k € H4(X,Z). The lattice
Ais

A =i*H*(X,Z) c H*(P,Z). (3.6)

Having determined the lattice A as the lattice of magnetic charges k,
the electric charges ¢ naturally take values in the dual lattice A* since
q-p € Z. The quadratic form on A* is d®® = (dy)~" and takes values
in Q. On the other hand, M2-brane charges are generated by flux of the
self-dual field H on the Mb-brane through two-cycles of P. This is a
consequence of the coupling of H to the space-time three-form potential
C in its low energy effective action

/ c+/ HAC (3.7)
Uxt PxSiixt

where ¥ is a two-cycle. The part of H on P is valued in H?(P,Z) which
would naively lead to charges in Ho(P,7Z). We take {ap;} as a basis for
H?(P,7). The field strength H can be expanded in this basis as

H=dzNhy ap+dzZANh_-ap. (3.8)

The momentum of the scalar on the torus is hy 4+ h_ and the winding
numbers are h — h_. The naive charge generated by this flux would be

qP:/ hy -ap+h_-ap, (3.9)
EPXSI{/I

where Y p is some two-cycle in P.
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That H takes values in H2(P,Z) seems at odds with the earlier state-
ment that the electric charges are valued in A*. For example, the dimen-
sion of H?(P) might be much larger than dim A*. The solution to the
mismatch between Hy(X) and H?(P) was solved in [3] by realizing that
charges in R*! corresponding to fluxes which do not lie in i* H?(X,Z),
are unstable. Fluxes of H which are exact on X are not conserved since
they might decay by instanton effects [3, 104].

The space spanned by the lattice Ho(P,Z) can be decomposed in the
spaces spanned by A and its orthogonal complement A;. The sum of
these lattices forms a sublattice in Ho(P,Z)

AD Ay CHQ(P,Z). (3.10)

An element of kp € Hy(P,Z) can be decomposed in a parallel and or-
thogonal part to A
kp=q+q.. (3.11)

The vectors ¢ and ¢, lie respectively in the spaces spanned by A and A .
However generically, they are not elements of these lattices but take their
values in the dual lattices A* and A% . The group A*/A is called the glue
group of A in this context and its elements are gluing vectors [105]. The
glue vectors are chosen such that they have minimal length in the coset.
Thus, we have the following decomposition of an element kp € Hy(P,Z):

kp:k'—l—ku_—i-up, (3.12)

where k € A, K| € Ay, up € A* @ A% . Projecting the fluxes in H?(P,Z)
to H?(X,Q) leads to charges ¢ € A*. The embedding of i* H?(X,Z) in
H?(P,7) is a primitive embedding [106]. For such an embedding, the
discriminant group H?(P,Z)/(A@® A;) C A*/A & A% /A, and A*/A =
A* /A . Ref. [37] claims that H?(P,Z)/(A & Ay) = A*/A follows from
the Nikulin embedding theorem [106].

At this point we would like to comment on the relation between the
two-cycles in P and X. Taking the dual of (3.10) gives

A* @ A% D H*(P,7)* = Hy(P,7). (3.13)

Therefore the map from Ha(P,Z) to Ha(X, Z) is not surjective. We denote
a two-cycle in P which also lies in X by K (its Poincaré dual two-form
in P is also denoted by K). The two-cycles in P are given by a vector
ko = dapck®p®, with respect to the chosen basis of H2(X,Z).

From the Euler characteristic x(K) of K, we will now deduce that
k? + k- p € 2Z, which makes p a so-called characteristic vector of A. To
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calculate x(K), one has to integrate the first Chern class of the tangent
bundle ¢;(TK) over K. After Eq. (3.28) is shown how ¢;(TP) and
co(T'P) can be calculated using the adjunction formula [101]. Similarly
one can show that k*c(TP) = 1+ k*ci(TP) = ¢(TK)(1 + K), with
k* the pull back of the inclusion map k& : K <— P. As a consequence,
c1(TK) = —(K + k*c1(TP)). Integration of ¢;(TK) over K gives

x(K) = /Kcl(TK) = /X PK(K + P) = —k* -k -p, (3.14)

where Poincaré duality is applied. We can assume that K is a Riemann
surface without boundaries if X is a smooth Calabi-Yau threefold. There-
fore, we have x(K) = 2 — 2¢g € 2Z, with g the genus of K and it follows
that k2 + k - p € 27 as claimed.

Another important issue is the signature of the matrix d. This
is the number of its positive eigenvalues minus the number of negative
eigenvalues. The decomposition of the lattice in its positive and negative
subspaces will play a significant role in the analysis of the black hole
partition function. The signature o(S) of the intersection matrix of a
surface S is called the index or Hirzebruch signature. It can be evaluated
by the index theorem [101], which can be derived using the Lefschetz
decomposition of the cohomology. One finds that

o(S)= Y (=1)Phra. (3.15)

p+q=0(2)

Since the pairing between H*?(S) and H%?(9) is positive, it follows that
the intersection matrix restricted to H'!'(S) has only one positive eigen-
value and therefore its signature is (1, 1! —1). We are interested in the
signature of the inner product of two-forms on P which are also two-forms
on X. Since h?9(X) = h%2(X) = 0, these forms are in H>!(P) and the
signature of d® is (1,by — 1). This result is known as the (Hodge) index
theorem.

The projection of a non-zero vector g to the positive respectively neg-
ative definite sublattice is given by ¢4 and ¢_ with qi >0 and ¢ < 0.
The positive direction in the magnetic lattice is given by the magnetic
charge vector p® since p® = dgpep®p®p® > 0. The projection of g, to A% is
(p-q/P*)dabep’p”.

3.1.3 Reduction of M5-branes

This subsection reduces the low energy degrees of freedom of the Mb5-
brane worldvolume theory to the torus 72 formed by S! and Sy;. The
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compactification on X preserves % of the supersymmetry since X has
SU (3)-holonomy. The original N' = (2,0) M5-brane theory in six dimen-
sions reduces to an N' = (4,0) SCFT. By an analysis of the divisor, we
can determine the number of degrees of freedom on T2. This provides us
the magnitude of the central charges c;, and cg, which are crucial in the
account of the black hole entropy for large charges by the Cardy formula
in Sec. 3.3.2.

The degrees of freedom on T2 arise from basically four different phe-
nomena:

- space-time momenta,
- moduli of the divisor,

reduction of H on two cycles,

- fermions.

In the following, we will address the reduction of these different modes.

Space-time momentum

The coordinates of the black hole in R? contribute three continuous
bosonic degrees of freedom p’ to the holomorphic and anti-holomorphic
sector of the SCFT.

Moduli of the divisor

The embedding of P in X can vary from point to point on 7. There-
fore, the variables determining P (moduli) arise as scalar degrees of free-
dom on T?. To determine the number of moduli, we need to describe
the divisor in a more formal way. A divisor is a sum of codimension 1
subvarieties V; of X

P=> nV, (3.16)

where n; is the multiplicity of V; in P. The set of non-zero n; is finite.
The divisor is called effective if n; > 0 for all . In that case, we write
P > 0. Effective divisors are the relevant divisors for us, since n; < 0
would indicate the presence of anti-Mb5-branes which would break all the
supersymmetry. Note that the hypersurfaces V;, situated at different
places in X, might nevertheless be in the same homology class. Therefore,
the expansion (3.16) is in terms of the numbers n;, instead of p®, which
denote the homology class of the divisor in a certain basis of Hy(X,Z).
The degrees of freedom associated to P become more manifest if P is
locally considered as the zeros (or poles) of some (meromorphic) function
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hpa : Uy — C, where the U, form an open cover of X. The multiplicity
of a zero of hp, is given by n; > 0. The function diverges for n; < 0,
then |n;| is the order of the pole. An effective divisor can be described
locally by holomorphic functions. The functions hp, are determined up
to multiplication by non-zero holomorphic functions g € O*(U,). Heuris-
tically, the divisor moduli are related to variations of the divisor P — P/,
such that the homology class of P’ is equal to the one of P and P’ is also
effective. This gives a lot of freedom to choose the functions hp,.

The homology class of the divisor is not changed if the defining func-
tions hp, are multiplied by a global meromorphic function f € M(X).
In that case the divisor changes to P’ = P + (f). The divisor (f) of a
meromorphic function is called a principal divisor. Divisors which differ
from each other by a principal divisor are said to be linearly equivalent.
All linearly equivalent divisors form naturally an equivalence class. We
are interested in the linearly equivalent divisors, which are also effective

P =P+ (f)>0. (3.17)

The space of all effective divisors, which are linearly equivalent to P, is
called a (complete) linear system |P)|.
We define the space L(P) as

LP)={feM(X):f=0, or P+ (f) >0}, (3.18)

where M(X) is the space of meromorphic functions on X. This is a
vector space. Since multiplication by a constant does not change the zero
locus of a function, the moduli space of the divisor is the projective space
P(L(P)). The dimension of |P| is thus given by

dim |P| = dim £(P) — 1 (3.19)

To calculate dim £(P), we use the connection between divisors and
line bundles. The local functions hp, can be extended to a global mero-
morphic section sp of a holomorphic line bundle P — X. The transition
functions tp,s on U, N Upg are given by hpo/hpg. The sheaf of holo-
morphic sections of P is denoted by O(P). An effective divisor is the
zero locus of a global holomorphic section sp € H°(X, O(P)), where H°
is the zeroth Cech cohomology group. The divisor defines in this way
the line bundle P up to isomorphism. In fact, a bijection exists between
the linear equivalence classes of divisors and the isomorphism classes of
line bundles. Line bundles, which belong to the same isomorphism class,
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have equal first Chern class ¢1(P). Moreover, ¢;(P) is the Poincaré dual
two-form of the divisor

c1(P) = P =p“a,. (3.20)

Therefore, linearly equivalent divisors lie in the same homology class.

The connection between line bundles and divisors shows that there
is a correspondence between £(P) and H°(X, O(P)). Therefore, we can
also express the linear system as |P| = P(H(X,O(P))). A calculation of
dim H°(X, O(P)) is generically not possible. However, the Hirzebruch-
Riemann-Roch theorem provides us the alternating sum

3
S (= 1) dim H (X, O(P)) = / h(P)TA(TX).  (3.21)
X

1=0

The conditions that the long wave length approximation to M-theory
is valid, ensure that the divisor P is very ample [3], which means that
the linear system defines an embedding into projective space. For a very
ample divisor H' (X, O(P)) = 0 fori > 0 (page 228 in [107]), and therefore
the index gives us dim H°(X, O(P)).

The Todd class Td(T'X) of a Calabi-Yau manifold is given by

1
TA(TX) =1+ 5 ea(X). (3.22)
The Calabi-Yau condition ¢;(X) = 0 implies that Td3(TX) = 0. The
Chern character of the line bundle P is e“*(P). As a result we find

1 1
dim H°(X, O(P)) = 6p3 + 50 P (3.23)

The real dimension of the linear system |P| is therefore

1 1
dimg |P| = §p3 + g2 P~ 2, (3.24)

which is the number of non-chiral scalars on the torus.

Gauge field scalars

The self-dual three-form H reduced on a two-cycle in P becomes a
scalar on the torus. The self-duality of H under the Hodge *-operation
combined with the (anti-)self-duality of harmonic two-forms on P, shows
that these scalars are either holomorphic or anti-holomorphic. A proper
understanding of the space of two-forms on P is therefore indispensable
to determine the number and chiralities of the scalars in the SCFT.
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The number of independent (anti-)self-dual harmonic two-forms is
given by b3 (P) (by (P)). By Hodge’s theorem, Harm(P) = H?(P), we
know that b (P) + by (P) = ba(P). The index or Hirzebruch signature
o(P) [101, 100] is

o(P) = by (P) — by (P). (3.25)

The difference o(P) arises also as the signature of the non-degenerate
inner product @ (3.4), which exists on the space of two-forms H?(P).
The index o(P) is equal to the number of positive eigenvalues b3 (P) of
() minus the number of negative eigenvalues b, (P).
To determine the number of (anti)-chiral scalars on the torus, we
decompose H as
H =d¢’(z,2) A apy, (3.26)

where {ap} is a basis of harmonic two-forms for H%(P).

We define the differentials dz;, = dz + dt and dz;, = dx — dt on Sﬁ/[
times Lorentzian time. The Hodge *-operator in Lorentzian R ® Sy, acts
on these differentials by

xdzy, = dz,, xdz, = —dzy,. (327)

The self-duality H = «H combined with the (anti)-self-duality of the two-
forms ap; determines that the CFT on the torus contains by (P) left-
moving scalars and b, (P) right-moving scalars. After a Wick rotation
to Euclidean time, zr, becomes the familiar complex coordinate on the
torus. Consequently, we obtain b3 (P) holomorphic scalars and b (P)
anti-holomorphic scalars.

By the Lefschetz hyperplane theorem, P does not contain any one- and
three-cycles. Therefore, the numbers b3 (P) and b, (P) can be obtained
by a calculation of the Euler characteristic x(P) = Z?:o(—l)ibi(P) =
2 4 ba(P) and the index o(P) of P. In the following calculation of these
numbers is assumed that the divisor is smooth. The Euler characteristic
is the integral over the second Chern class co(TP)

X(P) = /P e(TP) = /P es(TP). (3.28)

To determine cy(T'P), we consider the tangent space T'P, of P at a
given point p. This space T'P, is a subspace of the tangent space of X at
the point p, T'X,,. The orthogonal complement of T'P, in T'X,, is denoted
by T'N,. The bundle T'N is the normal bundle of P. The tangent bundle
of X restricted to P, TX|p, is simply the sum of TP and T'N:

TX|p=TP@®TN. (3.29)
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The total Chern class of a sum of bundles is given by the product of the
Chern classes, thus

i*c¢(TX) =c¢(TN)c(TP), (3.30)
where ¢* is the pull back of the inclusion map ¢ : P — X. Since X is
a Calabi-Yau manifold ¢;(7X) = 0. The adjunction formula states that
the conormal bundle TN* is equal to P*|p, which is the restriction of the
dual line bundle of P to the divisor P. The transition functions of the
dual line bundle P* are just the inverse of those of P (P* = [—P] in the
notation of [101]). From the adjunction formula, we find for the Chern
class of the normal bundle ¢(T'N) = i*¢(P). Since P is a line bundle,
¢i(P) =0 for i > 1. Therefore Eq. (3.30) becomes

1+ i*e(TX) +... =1+ (P))(A + 1 (TP) + co(TP) +...)
=1+ i*c1(P) + ¢1(TP) (3.31)
+ i*cl(P) Cl(TP) + CQ(TP) + ...

By comparing the first Chern classes on the left and right hand side
we find i*c1(P) = —c1(TP) and similarly i*co(TX) = i*c1(P) er(TP) +
co(TP). This gives us finally for co(TP):

co(TP) = i*c3(P) + i*co(TX). (3.32)
After substitution of this formula in the integral (3.28), we find

x(P) = / i*P? 4 i*co(TX) :/ P 4 co(TX)P =9 +co-p. (3.33)
P X

The signature o(P) is given by the index theorem as the integral over
the L-genus, which in the current case becomes an integral over the first
Pontryagin class:

_ 1
o(P)=b(P) -5 (P) = [ 1= [ smrp. @30
P P
Since p1(TP) = ¢2(TP) — 2¢2(TP), we obtain
2 1
o(P) = ~3x(P)+ 5 [ a(rpy
3 3 /p
1, 2
=-—gp —32P (3.35)
Combining (3.33) and (3.35), b3 (P) and b, (P) can be evaluated to be
1 1
bl (P) = §p3 +gep—1, (3.36)
2.4 5
by (P)==-p®+ Sco-p—1. (3.37)

3 6
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This provides us the number of holomorphic and (anti-)holomorphic scalars
on T2 due to the reduction of H on P.

Fermions

After the discussion of the bosonic degrees of freedom, we now ana-
lyze the fermions. Supersymmetry in the left-moving sector suggests an
equal number of bosons and fermions, which will be confirmed by the
calculation of the number of fermions based on the cohomology of P.
We briefly review the connection between fermions and the cohomology
of the compactification manifold. The algebra of Dirac matrices on a
Kahler manifold is given by

{To TP} = 2¢%, (T TP} =0, {I%T%} =0, (3.38)

where a, a are indices of the complex coordinates z% and z%. The algebra
(3.38) resembles a fermionic creation-annihilation algebra [10]. If | Q)
is a covariantly constant spinor on P, then one can find new spinors by
acting with the creation operator I'?,

Q%) =T Q), |QP)=TT|Q). (3.39)

This suggests an identification of the fermions on P with the cohomology
groups H%!(P). The chirality operator anti-commutes with T'%. There-
fore, the cohomology group with 7 even leads to holomorphic fermions and
analogously 7 odd to anti-holomorphic fermions. Since by (P) = bs(P) = 0,
the reduction gives only rise to h%%(P) + h%2(P) holomorphic fermions,
which can be evaluated in terms of p to be

me+m%m:éﬁ+%@p. (3.40)
Since only holomorphic fermions arise by the reduction, only the holomor-
phic sector will be supersymmetric. The U(2)-holonomy on P leaves only
two components from the original eight components invariant. The origi-
nal M5-brane symmetry is N' = (2,0), therefore the number of fermionic
d.o.f. on T? is 4(h%9(P)+ h?9(P)). This is indeed equal to sum of scalars
due to space-time momenta, divisor moduli and gauge field reduction.

3.2 The N = (4,0) superconformal algebra

Section 2.1 explained that the charges of supersymmetric black holes were
subject to a symplectic symmetry. In addition the black hole is a half-BPS
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state of N' = 2 supergravity and preserves four space-time supersymme-
tries. We expect to find analogues of these phenomena in the N' = (4,0)
SCFT. This section explains how symplectic invariance is manifested as
spectral flow of the SCF'T and how the black hole state can preserve four
fermionic symmetries by the presence of fermionic zero-modes. We as-
sume in the following that the reader is familiar with (super)conformal
algebras. More details can be found in [9, 10, 11, 12, 108].

We are interested in N' = (4,0) superconformal field theory. The
Hamiltonian is given by

cL+cr

H=1Ly+ Ly—
o+ Lo o1

(3.41)

where Ly and Ly are Virasoro operators. The numbers ¢z, and cp are
the central charges of the holomorphic and anti-holomorphic sector of
the theory. Since we know the number of degrees of freedom after the
analysis in section 3.1, ¢, and cg can be calculated. A boson contributes
1 to the central charge whereas a fermion contributes % After adding up
all contributions, we find

e, =p* + %CQ p,  cr=p +ca-p. (3.42)
These values of the central charges confirm the value of 3¢/2G3 obtained
from three-dimensional supergravity below Eq. (2.67) since for ¢y, cg >
1 the linear contribution in p can be neglected.
The difference of the Virasoro generators is the momentum, qg, around
the M-theory circle
CL —CR

=Lo— Lo —
q0 0 0 o4

(3.43)
This is the go-charge from supergravity. The other electric charges are
eigenvalues of the U(1)-generators Jy 4.

The structure of the CFT will teach us many properties of the parti-
tion function in the next section. An important symmetry of the present
N = (4,0) conformal algebra is “spectral flow”. 2 This symmetry relates
states with different eigenvalues of Lo, Lo and Jo,o. We have seen that
the lattice of the charges of Jy, is not definite, one direction is positive
and the others negative. The commutation relations of the Virasoro and

2 A famous example of spectral flow is the symmetry relating the Ramond en Neveu-
Schwarz sector in N'=1 SCFT [12].
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U(1)-generators are

(L, Ln] = (m — 1) Lynn + %(m3 ST —
[Jm,m Jn,b] = mdabém,—na (344)
[LWH (Jnaa)-i-] = _m(Jm+n,a>+7
[Lﬂ‘w (Jn,a)—] = _m(Jm+n,a>—7

The spectral flow symmetry leaves the above algebra invariant. It is given
by

- 1
Lm — L — Ly — Ly + k"0 + idabkak”ém,o,

_ _ 1
Lin 4 L — Ly 4 Ly + g%k + §gab/~c“k”6m70, (3.45)
Jm,a - Jm,a + dabkbam,o-

The metric g4 is positive definite and is related to d,; by changing the
negative signs of dgp, thus gepk®kb = kz?|r — k2. Tt can be written in terms
of the two-forms «, as

Jab = / o A xiFap. (3.46)
P

Spectral flow maps a state with charge ¢ € p/2+ A* to another state with
charge in p/2 + A* if the flow variable k% lies in the magnetic lattice A.
Therefore, spectral flow with k € A is a symmetry of the spectrum. The
quantity

_ 1
Lo — Lo — idabJO,aJQb (3.47)

is left invariant by spectral flow. With gg given by (3.43), this translates
to the statement that ¢o = qg — %q2 is invariant. The charge ¢y appeared
below Eq. (2.34) in the discussion about symplectic invariance in super-
gravity. We therefore find here that spectral flow is the CF'T analogue of
symplectic invariance in supergravity.

The black hole states in the N' = (4, 0) superconformal field theory are
expected to preserve four supersymmetries. Naively, this seems to require
black hole states to be supersymmetric ground states of the SCF'T, since
the ground states preserve four supersymmetries. However, the SCFT
actually contains large N' = 4 supersymmetry [109, 110], which allows
also excited states to be invariant under four fermionic symmetries. The
minimal N = 4 superconformal algebra can be derived from a theory with
four bosonic currents and four fermionic currents. The bosonic currents
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are the energy momentum tensor and an SU(2) current algebra which
provides three other bosonic currents. We give this SU(2) the superscript
+. The SU(2)" current algebra is

[Th, TF] = btk — %k+m5m+n5ij, (3.48)
withi,j = 1...3, k™ is the level of the SU(2)™ algebra and is proportional
to the central charge c¢;, = 6k, m and n take values in Z. The fermionic
currents G*(z), a = 1...4 satisfy an anti-commuting algebra with r,s
either integral (Ramond sector) or half-integral (Neveu-Schwarz sector).
We are mainly interested in the Ramond sector. The modes with r = s =
0 are the supersymmetry generators. Some of these leave a BPS-state
invariant.

The minimal AN/ = 4 algebra can be enlarged with an additional
SU(2)~ @ U(1) current algebra. This gives four more bosonic currents
T—% i=1.3 and U which are completed by four fermionic currents Q¢
to form an N = 4 algebra. It is this extended N’ = 4 algebra which arises
in the N' = (4,0) SCFT. The total algebra has one free parameter -,
determining the SU(2)-levels k* and k™ in terms of the central charge
kT = ¢y /6y and k= = ¢1,/6(1 — 7). The anti-commutation relations of
the fermionic generators are [109]

{Ga,G8) = 26% (Lo — $%) ,
{an Qg} = - 127%_7) 5ab: (3'49)
{Q5,Go} = 2 (T — gy Ty ) + 6°Us,

where ozi[g = iéfa 5%] + %eiab- Note that in a unitary theory, the operators

G{ are Hermitian. The Qf are anti-Hermitian operators, QST = —Q§ by
the minus sign in the commutator.

We are interested in the number of supersymmetries of an excited
state |u,l*,17), where u, [T and [~ are respectively the eigenvalues of
U, T, 3 and T, 0 3. The only non-vanishing eigenvalues of the SU(2)*-
generators are the eigenvalues corresponding to TO“—L?’. As in Sec. 2.1, we

have to determine the zero eigenvalues of the Hermitian (8 x 8)-matrix
M

o [ {Ga G {Gh Qb + -
M= (it ‘({QST,GS} @ ) 80
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We can find the off-diagonal elements of M using

U TP+ 1578 0 0
Ty —Ty° U 0 0
a _ 0 0
{Q0, Got = 0 0 U —T[;rg—T(f3
0 0 T + 1y ° U

The eigenvalues of M can now easily be calculated. The characteristic
polynomial reads

2

[<2L0——)\ < A) +(u2+(l+—l_)2>] x
[(2L0 - ) ( 127 1 — /\> + <u2 + (1t +l)2)} .

Zero eigenvalues (A = 0) of M exist if

Lo _ L _ 1u2-|—(l+:tl_)2
0794 9 ‘

. (3.51)
27(1—7)

The two possibilities, + and —, have both a degeneracy of two. If [T =0
or [~ =0, A =0 has degeneracy four and thus four supersymmetries are
preserved.

This algebra can be interpreted in terms of the N' = (4,0) M5-brane
SCFT. The three non-compact dimensions of space-time and the single
right-moving U(1)-charge ¢4 form the SU(2)™ @ U(1) current algebra.
This is a “decompactified” version of the algebra because the level £ is
taken to oo, which has the consequence that SU(2)~ @ U(1) — U(1)*
[110]. The limit k=~ — oo is equivalent to v — 1. The currents 7%, Q¢

and U are rescaled by \/%L_V). The limit v — 1 is then taken with the

requirement that the rescaled operators remain finite. This removes the
SU(2)"-charges. The characteristic polynomial becomes

(220 & - X) (-1 =X + (w2 + )] (3.52)

For a five-brane state | M, Z), the eigenvalue w is the positive direction of
the electric charges u = ¢4 and (I7)% = p~. So we find that there exists
a zero eigenvalue with degeneracy four if Lo — & satisfies [110]

(3.53)



3.3. An elliptic genus for black holes 63

3.3 An elliptic genus for black holes

This section introduces a partition function for the N/ = (4,0) SCFT,
which therefore also counts the degeneracies of the black holes. The
elliptic genus for (4,0) SCFT’s appeared in a series of papers in 2006
[111, 112, 59, 55]. Ref. [37] performs a similar analysis which results in
the same partition function from the point of view of ITA string theory.
The external parameters, where the CFT depends on, are geometric data
of the torus and the coupling to the space-time three form C. The de-
pendence on C will be represented by the parameters t*. The torus is
conveniently represented as the quotient of the complex plane by a lat-
tice L, spanned by generators & and E The complex structure 7 can be

expressed in terms of these vectors as 7 = (62 B +il@ x ﬁ]) /|@|%. Note

that 7 takes values in the upper half-plane H : Im(7) > 0. Since the CFT
does not depend on the size or on any absolute direction of the lattice
vectors, the only torus data the CFT depends on is 7 [113, 108].

The previous section explained that the black hole states are half-BPS
states of the holomorphic sector. To count these states, we would like to
perform a trace over the Hilbert space restricted to the half-BPS states,
for example

Tripps gho— 5t glo— i o, (3.54)

where ¢ = e(7), § = e(—7) and y”° = e(z-Jy). The vector z* are potentials
for the electric charges. A canonical way exists to project a sum over a
Hilbert space to supersymmetric states. The projection is obtained by
the insertion of (—1) in the trace, with I the fermion number. For
example, for a N' = 1 supersymmetric system one can evaluate the trace

Tr(—1)Fe PH, (3.55)

where [ is the inverse temperature and H is the Hamiltonian. It calculates
the ground states of the theory with a +-sign depending on its fermion
number. Massive states always come in pairs in a supersymmetric theory.
Therefore, the contributions of these states cancel out and the trace is
independent of 3. This trace is the celebrated Witten index [114]. It is
protected against continuous changes of the parameters, which preserve
the supersymmetry. Such a deformation of the theory could lift some of
the ground states to massive states. However, since the contribution from
massive states vanishes, this would not change the value of the index.
The index does not count the absolute number of states, but the index
and the number of states are expected to have the same order of magni-
tude. A simple example of this phenomena is the same order of magnitude
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of b2 (P) — b2 (P) and b*(P). The fact that such a partition function is
protected against continuous changes of the parameters is convenient for
us, since the supergravity and M5-brane approximation require different
regimes of the parameters. Because the index is protected, we can trust
the extrapolation of the M5-brane calculation to the black hole regime.

As explained in the previous section, we are not interested in the
holomorphic ground states but in half-BPS excited states. To count the
half-BPS states we have to change our trace slightly. In fact, a trace
with (—1)f vanishes in the presence of N' = (4,0) supersymmetry, by
the presence of fermionic zero-modes. The half-BPS states lie in short
multiplets, and are counted by a trace with insertion of F?(—1)F [110,
115]. The fermion number is given by F = T; (;r 3 in terms of the above
(4,0) algebra.

The insertion of (—1)% is necessary when the trace is over a Hilbert
space with periodic fermions (Ramond sector). The insertion ensures the
anti-commutating property of the fermions in the trace. The Ramond-
Ramond boundary conditions are preserved under large reparametriza-
tions of the torus. See also the next subsection.

A related issue is the fact that bosonic states might not be invariant
under monodromies on the torus. This is related to the phenomenon that
the shifted electric charges ¢ — p/2 take values in A* due to the Freed-
Witten anomaly. A state with charge ¢ can be represented in the CFT
by a vertex operator Vy(z) (with = the coordinate on 7°2)

V,(z) = ea9@), (3.56)

One can consider the operator product expansion (OPE) of a vertex op-
erator Vi (z) and V,(0) with k£ € A and ¢ € A* + p/2. One finds

Vi(2)V,(0) ~ 27TV, (0). (3.57)

Under a monodromy, z — €*™z, the OPE will pick up a phase e (k- q) =
(=1)*P. Locality of the OPE requires projection onto states with even
k - p. Therefore, the elliptic genus will contain a factor e(p - k/2) for it
to be modular invariant. For convenience, a term (—1)P? will instead
be inserted. This can be interpret as a half-integral contribution to the
fermion number.

After insertion of the factors 3 F2(—1)F and (—1)P4, we find that the
partition function (3.54) takes the form

1 c T c
X(7.7,2) = Teg G F2 (= 1) P hgho=gighomaiyh, (3.58)
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The subscript R indicates that the trace is taken in the Ramond sector.
Eq. (3.58) can be obtained by differentiating

Trr qLof%qiofz—gGQWiv(F+p-Jo)yJo7 (3.59)
two times to v and then set v = %

Eq. (3.58) is known as the N' = (4,0) elliptic genus and is the ana-
logue of the elliptic genus for N' = (2,2) SCFT’s. An elliptic genus is a
refinement of a field theory index, it is a “character valued” index. When
the SCFT is a sigma model, the elliptic genus can be specialized to topo-
logical quantities as the Euler number, Hirzebruch genus and fl—genus of
the target manifold [116, 117]. The elliptic genus has had various ap-
plications in the counting of BPS states including the black hole state
counting by Strominger and Vafa [4].

The form of (7,7, z) suggests an integer expansion in terms of ¢, ¢
and y from which we can deduce the black hole degeneracies. Our aim is
to relate x(7,7, z) to Zgu (Eq. (2.43)). However, the integer expansion is
obstructed in two ways. The first obstruction is the presence of the three
space-time momenta, which lead to a term p? in the Hamiltonian. They
can simply be integrated over and we find an overall factor (272)_%
Second, the regularization of the path integral leads to an overall

factor )
T2
— 3.60
e (52 ). (3.60)

and is known as the Quillen anomaly [118, 119, 120]. This can be viewed
as a shift in the zero point energies. We find that x (7,7, z) can be written

as

1 w22

X(7,7,2) = + €Xp <> Zopr(T, T, 2), (3.61)
(272)2 27

where Zcpp(7, 7, 2) has an expansion in terms of integers ¢(qg, qa)

_ - L2
Zepr(r,7,2) = Y cld5, 4a) 77" (97) 2%+ (3.62)
45,9a
The eigenvalues of Lo— 5% and Lo— 54 are expressed in terms of g5 and ¢

The degeneracies ¢(gg, qa) are denoted in (2.43) by ¢,(q). Since the mag-
netic charge p does not vary within a given CFT, the dependence of the
degeneracies on p is omitted here. The value of ¢(0,0) is (—1)X(IPDx(|P]),
where X(|P|) = $p® + {5¢2 - p is the Euler number of the linear system
|P| [37]. We hope that the different uses of the symbol ¢ will not confuse
the reader.
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The generating function Zcpr is related to Zgg (for the black holes
which correspond to a single AdSs-throat in five dimensions). However,
Zorpr is a more refined generating function than Zgy, since the Hamilto-
nian H appears also as a quantum number in the expansion, in contrast
to Zpg. The dependence on H easily disappears by setting o = 0. This
has the consequence that Zcpr (7,7, 2) is no longer convergent. The other
identifications of variables are

1 1
T = _§i¢07 T = 07 2% = _§i¢a7 (363)

The connection between the topological string partition function and
Zorr(T, T, 2) is further discussed in Chap. 5. When the context is clear,
we will omit the subscript CFT in the following from Zcpr.

3.3.1 Modular properties of the elliptic genus

In this section, we analyze symmetries of the partition function. This
is very instructive and lets us evaluate ultimately the leading behavior
of the entropy for large charges. The most important symmetry of the
SCFT partition function is modular invariance. Modular invariance of the
partition function is a consequence of the reparametrization invariance of
the SCFT. A transformation of

b
T_VY(T):ZTT—T—_d’ 'yeF:{(Z Z):a,b,c,deZ,ad—bc:l}
(3.64)

leaves the lattice invariant up to a rescaling. Such a transformation acts
on v and z% by

a

—. (3.65)

v o z
+ — .
ct+d  eT+d

Y(v) = ot () = (L) + (L) =

The original trace (3.59), being a trace in the R-R sector, should be
invariant under these transformations. This means among others that its
weight is (0,0) 3. Invariance of Z(7,7) does not need to be checked for
every element in I', since I" is generated by the elements S and T

s:<(1’ ‘01>, T:<(1) 1) (3.66)

SA function f(7,7) has weight (k, k) when it transforms as f(y(7),v(7)) = (cr +
d)*(c7+d)* f(r,7) under I'. The “slash operator” |(%,5)7Y acts on a function by f|, 5yy =

(em +d) 7 (em +d)F F(v(7), (7).
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Modular invariance might actually be broken by the presence of a global
gravitational anomaly [12]. In that case, Z(7,7,t) is invariant under
v € I" up to a phase (7). Thus, in case of the T-transformation

T: Zr+1,7+1,2)=e(T)2(1,7,2). (3.67)

The phase £(T") depends on the central charges and the zero-point ener-
gies. These work out such that

cw—cn _ 7
8

Lo— Lo — 51

+ ;—’i mod Z. (3.68)
Using that the expression in (3.23) must be an integer, we deduce that
e(T)=e (—%). The anomaly is thus really a quantum effect, since co
arose as the first quantum correction to the prepotential in Chap. 2. Con-
sistency of modular transformations requires that the S-transformation
is also accompanied by a unitary prefactor £(S). Since both (ST)3 = —1
and S? = —1 leave 7 invariant, £(S) = ¢(T')~3. The phases for general y
are denoted by (7).

The transformation properties of the generating function Z(7,7,2)
can be deduced from the invariance of (3.59). To this end, we first realize
that the weight of x (7,7, 2) is (2,0) since it is obtained from (3.59) by
a second derivative to v. After taking into account the transformation
properties of the multiplying factor in (3.61) we find

2l 5)S= =(S)e (Z% v Z2> z, (3.69)

or 27
\T'= e(T) 2. (3.70)

D=
N

,—

,—

Z|<

D=
N

In addition to these modular transformations, x(7,7,z) transforms
nicely under shifts of z. The behavior under a shift z — z 4+ with [ € A
can be determined straightforwardly. The transformation rule for the
shift z — 2z + 7k + Tk_ with k € A is a consequence of the the spectral
flow symmetry (3.45). One finds that

_1lp2

X7, 7oz Thy + Tk 4 1) = (~1)PFHg=3M g3 =k (r 7 ). (3.71)
The transformations (3.69) and (3.71) are very similar to the transforma-
tions of Jacobi forms described in detail in [121]. We will generalize some
of the techniques of [121] to the present case of interest.

Spectral flow, ¢ — ¢ + k with k& € A, determines an equivalence
class for the charges ¢ € p/2 + A*. The sum of all coset representatives
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forms the discriminant group A*/A, which is finite and abelian. Its order
|A*/A| divides d = det d,,. The representatives p are chosen such that
they have minimal length. They are the projection of up in Eq. (3.12)
to A*. Spectral flow as a symmetry of the spectrum, determines that the
coefficients ¢(qg, ¢4) in (3.62) depend only on the equivalence class of ¢, in
A*/A+p/2 and 45 = q5+ %qQ =n—A,, with A, defined as the minimum
value of ¢ for given ¢ = x mod A. We thus have

(40, 4a) = cu(n). (3.72)
Since the Fourier coefficients are given by ¢,(n) and Ly — 5% = %qi,
we can decompose x(7,T, z) as
Z(r,7,2) = > hu(r)Ou(r, 7, 2), (3.73)
HEAN* /A

where h,(7) and ©,(7, 7, z) have the expansions

hu(m) = > culds da) Zcu Ay (3.74)
o=~

Ou(r,72) = Y (-1t (3.75)

keA+p/2
e(r(k+p)3/2+7k+p)2/24 (k+p) - z2).

Note that all the 7 and z-dependence of Z(7,7, 2) is captured by © (7,7, 2).
Moreover, all the information of the index is captured by the functions
hyu (7). From the CFT point of view, the decomposition (3.73) can be
understood by the Sugawara construction. This construction identifies
the part due to the currents of the energy-momentum tensor. This ex-
plains also the lower bound on ¢5: the contribution to the weight of the
remaining part of Ly can not be negative in a unitary CFT. Therefore,
dp > —cr/24, and A, is given by

Au:CR_<M2+p-u_V2+p-uJ>' (3.76)

24 2 2

A more natural decomposition from the point of view of the Sugawara
construction might be ©,(7,7, z)/n(7)~! as in [122] for N = (2,2) el-
liptic genera. Since the above decomposition provides us a generating
function with the black hole degeneracies, this will be used in the rest of
the thesis.
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This decomposition has an interpretation in AdSs-gravity also. Eq.
(3.73) is then a manifestation of the singleton spectrum. The singleton
modes are pure gauge in the bulk of AdSs, however the presence of the
boundary makes them dynamical degrees of freedom. The U(1) degrees of
freedom cannot be dynamical in the bulk, since the boundary theory sug-
gests that they would be free. However, the U(1)-fields would necessarily
couple to gravity in the bulk, and thus not be free. Ref. [123] studied
the singleton sector from a topological perspective. That the singleton
sector is manifested by the decomposition of the partition function was
conjectured in [124] and [125]. Ref. [59] gives an interpretation of these
large gauge transformation as the nucleation of M5 and anti-Mb5-branes.

The Laurent expansion of the functions h,(7) contains a principal
part (the part where ¢g < 0). The principal part leads to a pole in h,(7)
in the limit 7 — 4oo. The functions h,(7) are thus meromorphic as
function of 7. The limit 7 — ioo is under I'-transformations equivalent
to the limit 7 — Q. The partition function can not have other poles than
these, which can be rephrased by saying that h,(7) only admits poles
at the cusps but not in the upper half-plane H. We define the “polar
spectrum” as the spectrum which corresponds to the principal part of
hu (7). Chapter 4 explains that the degeneracies of the polar spectrum
determine the partition function completely. Importantly, modularity
imposes in general additional constraints on the polar degeneracies.

Fig. 3.1 presents the polar and non-polar spectrum for the SCFT,
which corresponds to one Mb5-brane on the quintic, i.e. the degree five
hypersurface in CP*. The elliptic genus of this SCFT is analyzed in [111].
The lattice A is one-dimensional in this case, since b = 1. The triple
intersection number of the hyperplane of the quintic is 5 and c2(X) = 10.
For one M5-brane, p = 1, the central charge cg is 55 and |[A*/A| = 5.
With (5.2), one can determine that Ag = 22, Ay = Ay = 32 — 2 and
Ay =A_o = % — % Using these data, it is straightforward to construct
Fig. 3.1.

The theta functions transform among each other under modular trans-
formations. They transform under S and 7" by

. e W IR g YN
o @”<r’f’7+%>_ oAy

2

xe (’i + i) e (—’D N o8- w)Os(r, 7 2),

T @ O,(r+1,7+1,2)=e <(,u—|—§/2)2> Ou(r,7,2). (3.77)
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Fig. 3.1: The lowest part of the spectrum for one M5-brane on the quintic. The
black-filled circles represent states in the non-polar spectrum. The
grey-filled circles correspond to states in the polar spectrum. By mod-
ularity, the degeneracies of the states, corresponding to the circles with
a light grey filling, are determined by their mirror images with respect
to the vertical axis (whose grey filling is darker). No states correspond
to the non-filled circles.
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Note that p? is actually p® in (3.77), since the inner product is given by
dapep®. However, since we are working here with quadratic forms, we use
the notation p?. The weight of the theta functions is (3, ba— 1), which
is generically half-integral. We must therefore choose a branch of the
logarithm for consistent modular transformations [126], which we take to
be logz := log|z| + iargz with —7m < argz < 7. The transformation
properties of the theta functions provides a representation of the Abelian

group A*/A, known as the Weil representation [127].

This works out nicely with the meromorphicity of the functions h, (7).
They have weight (—— —1,0) and transform under S and T as

5 <_Tl> = —M(—iﬂbi’/“sw)*e <_1f>
x D =0 whs(n), (3.78)

SEA*/A

2
T :hy(r+1)=e(T)e <(“+§’/2)> (7).

The additional —-sign, appearing in the S-transformation, is a conse-
quence of the unitary factor in (3.77). Such a set of modular forms,
which transform among each other under I', is known as a vector—valued
modular form. In a given h,(7), g takes values in 22 + L(u + p/2)?
mod Z. The vector h,(7) has length |A*/A|. Some elements of the vec-
tor are however related. This is a consequence of the transformation of
Z(1,7,2) under S%? = —1

Z(r,7,—2) = e(8)2Z(1, 7, 2). (3.79)
Moreover, —1 acts on ©,(7,7, 2) by
Ou(r,7,—2) = (—1)P’O,(r,7,2), v=—pu mod A. (3.80)
Since —1 acts trivially on h,(7), these equations determine that
hyu(T) = hy(7), v=—p mod A. (3.81)

Thus the length d of the vector h,(7) can be reduced to the order of
the group A*/A ® R, where R is the reflection group of A*. For a one-
dimensional lattice with inner product ¢, d = %ﬁ + 1 for £ even, and d =
%(f + 1) if £ is odd. This is depicted in Fig. 3.1. The degeneracies of the
states with negative p (light grey filling), are equal to the corresponding
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degeneracies of states with positive u (dark grey filling). Therefore, there
are seven independent polar degeneracies.

The T-transformation of h,(7) shows that an integer m exists, such
that h,(7+4m) = h,(7) for every pn € A*/A. Using the S-transformation
and (3.81), one can show that for this m,

T —bo/2—1
Therefore, the forms h,(7) are modular forms of the principal congruence
subgroup I'(4m) of level 4m when bs is even. If by is odd, the square root
requires the introduction of the group I'(4m)*, see the next chapter for
more details. The group I'(N) is given by

r(N)z{(‘C‘ Z)el“,(i Z):(é (1)) modN}. (3.83)

The observation that all elements of h,(7) are modular forms of some
I'(4m) will be important to determine the dimension of the space of such
vector-valued forms in Sec. 4.3.

3.3.2 The microscopic account of black hole entropy

The previous subsection derived a generating function for the degeneracies
of supergravity black holes. It is a meromorphic vector-valued modular
form with a negative weight. Modular covariance puts constraints on
the behavior of the Fourier coefficients and therefore on the spectra of
conformal field theories [113]. We now derive the leading order behavior of
the Fourier coefficients for large ¢ and confirm the supergravity entropy.

Black hole entropies, or equivalently the coefficients ¢(qg, qq), are de-
termined by the integral

eSBH@P) — (g5, q,) = /dqdy Z(r,7,2)q Oyt (3.84)
c

The integration over y projects to h,(7) with ¢ = p mod A. Since our
current aim is an estimate of only the leading behavior of the entropy,
we will ignore the index p. An upper bound for the Fourier coefficients
is found by estimating an upper bound of the integrand

c(q9:9a) < /01 drm ‘q_%h(f)‘ (3.85)

1
- ar +b
— d —QOh .
/0 i (CT—I-d)‘
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h( aT-i-b)‘

The non-principal part of h(7) is suppressed with 27+t ¢ 7, od

ct+d

__crat+b
24 cet+d

is therefore well approximated by e ( > The maximum of the

integrand is found by the saddle point method at et +d =14,/ 22126. Note
that the saddle point approximation is more accurate for ¢z > cr. This
is a stronger condition than the condition gz > p in section 2.2 for a
reliable low energy approximation of M-theory. Substituting the saddle

point value for (e¢r + d) in (3.85), we obtain

dm [cr cr dp
0 < — < . .
(49, 9a) < exp < “\ ) < exp <4m/ 5 (3.86)

This result is known as the Cardy formula. After expressing cr in terms
of p, we find

2 .
Seu(q,p) = W\/g(p?’ + ¢2 - p)dy, (3.87)

which equals (2.53). Thus we have shown that the M5-brane degrees of
freedom indeed account for the black hole entropy! In the next chapter, a
more accurate calculation will be performed which determines the Fourier
coefficients with an arbitrary accuracy.






4. VECTOR-VALUED MODULAR FORMS

The previous chapter showed the relevance of vector-valued modular
forms for black hole partition functions. This chapter is devoted to a
closer study of such modular forms. A couple important results are de-
rived. Sec. 4.1 deduces an expression for the Fourier coefficients, with
which they can be determined with an arbitrary accuracy. This is of
course useful for more precise studies of black hole entropy. Using this
expression, we are able to rewrite the vector-valued form as a (regular-
ized) Poincaré series in Sec. 4.2. This makes the erroneous “Farey Tail
transform”, introduced by [89], superfluous. In the last part of the chap-
ter, we discuss the space of relevant meromorphic vector-valued modular
forms. This chapter takes a more mathematical approach, although at
some places we refer to the relevance of the material for previous or future
chapters. The reader who is more interested in the physical implications
than in the derivations, might postpone reading of this chapter, and pro-
ceed directly to Chap. 5, which interprets and applies the results of this
chapter in the physical context.

As a start, we state the properties of the vector-valued modular forms
hy(7) more systematically. In this chapter, the index p = 1,...,d is only
used as a label, in contrast to the previous chapter where they represented
elements in A*/A. Since the weight of the modular forms is half-integer
in general, non-trivial unitary prefactors arise under I'-transformations.
A proper description of transformation properties of such modular forms
requires the introduction of the metaplectic group T, which is a double
cover of I'. An element 7 € T is represented by

¥ = (736 j(777)>7 ’YGFa €= =+1, (41)

where we have defined j(v,7) = ¢ + d. The branch of the square root is
chosen such that z € C always has —7m < arg z < m. Generically, elements
of T are denoted with a tilde; in case the tilde is omitted € is taken to be
one. The factor j(~,7) satisfies the identity

J 1) =G A ()i, 7). (4.2)
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The product of two elements 7,4 € I is defined by

(% Vi) - (7€ Vitim) = (v e Vit Y EDVIG )

L 0 —1 ~ 11
GeneratorsoffareS-((l 0 ),ﬁ) andT—<<0 1),1)

We define the slash operator |, with 4 € r acting on a modular form
h(7) of (possibly half-integer) weight w, by

hlwy = €20y, 7) "R (¥(1)). (4.3)

In the previous chapter, we observed that h,(7) is a modular form of
['(4m) if w € Z. To treat the cases with w € Z + § half-integer, we define
the group I'(4m)* € T as

rem)” = {7= (v (5)eatitnn?)|yeream)}, @4
where (%) is the extended Legendre symbol [126] and ¢4 = (_71),
(4.5)

__ [ 1 d=1 modd,
471 i, d=3 mod 4.

Eq. (4.4) gives an explicit expression for € in Eq. (4.1). This expression
is derived from the transformation properties of the weight % theta func-
tion O(7) = >, oz ¢ under To(4), and is therefore consistent with the
transformations of half-integer weight forms [126]. Since this expression
for € takes values in (£1,+7), ©(7), the metaplectic group is actually a
four-sheeted cover of I'. If w € Z + 3, the h,(7) transform diagonally
under I'(4m)*

bl = s 7 € D(dm)", (4.6)

Note that in case w € Z, an element 4 € I'(4m)* acts on h,(7) as an
element v € I'(4m).

Using the slash operator, we can state the transformation of a vector-
valued modular form h,(7) in matrix notation as

hlw?y hi
ha|w¥ ha
=M©H)| ... for

N
m
=

(4.7)

halw¥ hq
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Boldface notation is used to denote matrices. The matrices M(5) with
A4 € T'(4m)* are the identity matrix. Therefore, they form a representa-
tion of the finite group I'/I'(4m)*. This representation is denoted by M.
Consistency of modular transformations requires that

3" M () (csT + d3)” = €1V e3" M (71) M5 (72) (4.8)
x(c172(7) + d1)" (caT + d2)",

for 3 = y17v2. The sum over ¢ is implicit.
The functions h,(7) can be written as a Laurent expansion

hu(7) = 3 culn)q" 2, (4.9)
n=0

where n takes values in Z but A, is generically valued in Q. The expan-
sion contains a principal part, namely the part with n—A, < 0. The next
section shows that the coefficients ¢, (n) with n—A,, > 0 can be expressed
in terms of those with n— A, < 0. The coefficients ¢, (n), n — A, < 0 are
called the polar coefficients. Note that for transformations ~,, (1) = 7+n,
M(y);, is given by dje(—Ayn).

We define the space A, m(I'(4m)*, A) as the space of meromorphic
vector-valued modular forms from ‘H — C:

- which transform under I' according to the representation M and
have weight w,

- whose components are meromorphic modular forms of the subgroup
L(d4m)* €T,

- and whose only possible poles are for 7 — ioo U Q; the maximum
order of the pole is A.

The maximum order A is equal to max A, which is given by cr/24 in

the context of the N' = (4,0) CFT. The number of polar coefficients is

therefore finite. The relevant weight w in (3.78) is < —3. Most of our

discussion is valid for weight w < 0.

4.1 Fourier coefficients by the Rademacher circle method

The Fourier coefficients c,(m) in (4.9) are determined by the integral

1
cu(m) = /0 dry by (T)g AR, (4.10)
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In Sec. 3.3.2, a saddle point method was used to obtain the leading
behavior of the coefficients. However, by a clever choice of integration
contour, one can determine the Fourier coefficients exactly. This method
is known as the Rademacher circle method [128] and is beautifully applied
to 1/n(7) in Ref. [129]. It is generalized to vector-valued modular forms
in Ref. [89]. The right contour is given by Ford circles which are based
on Farey fractions.

Farey fractions and Ford circles

A Farey sequence Fy is a set of irreducible rational numbers (Farey frac-
tions) k/c such that 0 < k < ¢ < N and their greatest common divisor is
equal to one: (¢, k) = 1. They are arranged in increasing order. The first

three are given by
01
F =42 =
1 {171}7

011
F, =4q—- - — 4.11
2 {172>1}a ( )

1121
F3 = 97777,777 .
3°2°3

A Farey fraction % defines a Ford circle C(k,c) in C. Its center is given
by % + z% and its radius is ﬁ Two Ford circles C(a,b) and C(c,d) are
tangent whenever ad — bc = £1. This is the case for Ford circles related
to consecutive Farey fractions in a sequence Fy. Fig. 4.1 shows the Ford
circles for Fy. The points of tangency of three circles related to three
consecutive Farey fractions % < % < % are given by

C1 + 1 (k: ) k + (&) + 1
,  as(k,c)=— .
c(2+c2) 2+ 2 ¢ c(2+cd) 2+ 3

k
al(k70) = Ei

After this short digression, we can explain how a Farey sequence Fly
provides us a contour of integration for (4.10). The contour starts at
7 = 4 and follows the circle belonging to % until the point where this
circle is tangent to the circle corresponding to the next fraction in the
Farey sequence. Proceeding in this way, the integration is along a part of
every Ford circle corresponding to Fly. Fig. 4.2 shows the path for Fj.

The integral over such a contour reads
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Fig. 4.1: Ford circles for Fy.
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Fig. 4.2: Rademacher contour for Fj3.



80 4. Vector-Valued Modular Forms

i+1
cu(lm) = / drq ™ Buh, (1) (4.12)

X [

c=1 0<k<c (k,c)
(c,k)=1

where ((k,c) is the arc on C(k,c) from ay(k,c) to aa(k,c). The integral
over f((k,c) can be mapped by a coordinate transformation to a line
element of a “standard” circle Cs. This is the circle centered at (%,0)
with radius % It is parametrized by %—k % cos b+ % sin @ with 0 < 0 < 27.
The transformation from C(k, ¢) to this circle is given by z = —ic?(7 — %)
and its inverse is 7 = % + 2—3 The points of tangency are mapped to

c? iccq 2 1CCo

z9(k,c) = - .
24+t 24t (k. <) 2+c: 24l

z1(k,c) = (4.13)
The starting point ¢ of the integration contour on the 7—C11‘C1€ and the
end p01nt 147 on the T—cnrcle are both mapped to one. The two arcs
of the 2 i and f—circle can be combined into an integral along Cg from

2
21(1,1) = N2+1 + NQH to z2(1,1) = Ngﬂ NQH Fig. 4.3 shows for I3,

the image of 3(1,3) on Cs with z1(1,3) and 22(1,3)). The integral (4.12)
is transformed to

Z > / dz hy, (IZ + Z) (4.14)

0<k<c
(k,c)=

xe ((—m+ Ay) <IZ + Z)) .

Note that ged(c, k) = (¢, k) is defined for £ = 0 by (¢,0) = |¢|, thus 0
is included in the sum only when ¢ = 1. Like in the case of the Cardy
formula, we will now rewrite the partition function using a modular trans-
formation v € ' as h,(7) = j(v, T)*wal(fy)Zh,, (7(7)). In this section,
the factor € in (4.3) is taken to be 1, therefore we omit the tildes from the
equations. The modular transformation depends on the Farey fraction;

is given b
° ' a —hkotl a b
(Y (e

with ka = —1 mod c and we have deﬁned the integers b and d. This
transforms 7 = % + 5 toy(r) =2+ %, and hy (% + f:—;) can be rewritten

to
d iz iz\ " a 1
hyl ——+—= | ={— M Y)h, [ -+ - ). 4.1
(2 5) = (B) v (240 (116)
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The contour integral becomes

N 1—w
¢ — v
cwlm) = Y Y SMTO); (4.17)
=S

z2(—d,c) ; ;
X / dzz""h, (a+z>e((m+AM) <d+2§)>
z1(—d,c) C z C &

Fig. 4.3: The “standard” circle Cs with the image of 3(1,3) derived from F3.

What rests is to estimate different parts of the integral and to take
eventually the limit N — oco. We first split h,(7) in its principal and
non-principal part

hy(m)= > e ™™, hi(r)= ) culn)g" . (4.18)

n—A,<0 n—A;,>0

The two integrals to estimate are I (—d,c) and I~ (—d, c)

z2(—d,c) . .
I(—d, c) _/ dz 2~V h <“+z> e ((—fm—i—A#) <—d+zfj)>.
21(—d,c) C z C C

We first determine an upperbound for I". Fig. 4.3 shows the standard
circle together with the images of the tangent points of the circle corre-
sponding to % in F3. The structure of the figure is however more generally
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valid. We are free to change the integration along the circle to the straight
line connecting z; and z3. At any point on this straight line, z satisfies
|z| < % Moreover the length of the line is always < ZT\/ic For the
integrand we find the upperbound

U (Z + i) ‘ ((_m M <_i ’ Z>) ’

= |z| ™" exp <27r(m —A) <Re(z)>>

c2

<a(5)”

where C'7 is some constant. Multiplying this by the maximal length of
the line, 2}@8, gives us as upperbound for the integral

17 (=d, ¢)| < Cy (%)Hj, (4.19)

where Co = 2v/2C;. An upperbound for the sums over ¢ and d of
It(—d,c)is

N 1
Zl w
> 2 aw

It(—d,¢)| < g: 3 02% (;f)l—w

S S
N 1 1—w
S CQ Z <N> - CQ N w .
c=1

Thus in the limit N — oo the contribution of the non-principal part
of h,(7) vanishes for w < 0. A more accurate estimate shows that the
contribution from the non-principal part h;(’r) vanishes also when w = 0
[130].

Since the contribution from h:[(T) vanishes, the integral over the polar
coefficients must provide us the Fourier coefficients. Indeed, h, (1) is not
suppressed by Im(7) and the integral does not vanish. We will show
now that if we replace the integration from z;(—d, ¢) to z2(—d, c) by the
integral along the whole circle Cg, the errors will again vanish in the limit
N — oo. The integral along the arc fzzf equals

22 21 0
[ [ a0
21 C 0 29
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Re(1/z) on the circle is equal to 1. Consequently, an upperbound for the
integrand of I is

g (3o D)o (mmean (<54 5))

< o[ exp <27r<m A (R”)) S clm)exp(~2n(n - A,))

n—A, <0

c(£)" 4.21
< — .
<c(x) (4.21)
for some constant C. The length of the path of integration on the circle
from 0 to 21 is always smaller than 7|z1(a,b)| < mv22%. Multiplying
the upperbounds on the integrand and the path of integration gives us
I] < m/2CN"Y. Therefore, I; vanishes for N — oo and w < 0. The
vanishing of I, is shown analogously.

Finally, we come to the integral which does not vanish I . We obtain
after taking the limit N — oo

7 _
TR D D= VS ST
c=1 _(ccé)djlo n—A, <0

=
= 2—w Z K(Pyam - A/un Al/) Z sz(n)
c=1 —c<d<0 n—A,<0
(c,d)=1
_ ) 12
X / dzz""e ((n —A))—+(—m+ A#)Q) , (4.22)
2 c

where we have defined
K(y,m—-Ay,n—-A7A)) = (4.23)

d
i_wM—l(,y)Ze ((n — Au)% + (m— AM)C) .
The unitary prefactor M(v) for the function 7(7)~! (which are both
scalars) is M(y) = (—i)%e (—(“244';1 + s(—d,¢)/2)), where s(k,1) is a so-
called Dedekind sum [129]. Substituting this in (4.23) gives

1 1 d
K, <% m= o 24) =e (mc + s(—d, c)/2> , (4.24)
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which is in agreement with [129].
The sum of K(y,m—A,,n—A,) over c and d is a generalized Kloost-
erman sum K¢.(m — Ay,n—A))

K.(m—-A,n—A,) = (4.25)
S M (- A0+ - a?).

Cc

d mod ¢
(c,d)=1

The dependence on a in the exponent and in M~ () ;. Via 7y combine such

that the product with the generalized Kloosterman sum is independent of
a. The factor of i~% in front of the sum is a consequence of the definition
of M(v)}, in Eq. (4.7).

The (scalar) Kloosterman sum K.(m,n) [131] is originally defined as

Ke(m,n)= Y *e<(md+”d>), (4.26)

C
de(Z/cZ)

where dd = 1 mod ¢ [129]. This “scalar” Kloosterman sum appears in
the expansion when the unitary prefactor is equal to one and the modular
vector has length one. In that case

K.(m,n) = Z K(v,m,n). (4.27)
Because the determinant of M(y) is a root of unity, the generalized
Kloosterman sum is bounded above by the Euler totient function ¢(c) < c.
For later use, we need an estimate for the magnitude of the generalized
Kloosterman sum. By the (twisted) multiplicity property of Kloosterman
sums, it suffices to show the bound for the case that c is equal to a prime
number p. Weil has derived a particularly strong bound for |K,(m,n)|,
if m,n € Z and with a trivial multiplier system [132]. He derived that
|Kp(m,n)| < 2,/p using knowledge of elliptic curves over finite fields.

This has as a consequence that |K.(m,n)| is of order O(C%+E).

Using more elementary methods, Kloosterman had shown earlier a
weaker upperbound [133]. His estimate goes as follows. First, one notices
that K.(m,n) = K.(am,an) for (a,c) = 1. Therefore, we have S =
S ST K (r, 8)| > (p—1) | Kp(m, n)[*. One can rearrange the sums,
and perform first the sums over r and s. These are easily evaluated using

p—1 .
rA 0 if p|A,
el— | = . 4.28
0(1)) {plfp)(A- (4.28)

r=
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This leads straightforwardly to the estimate K,(m,n) < 3ipi. We will
need a mild generalization of these estimates to the case of non-trivial
multiplier systems. A bound as weak as O(c!=¢) with € > 0 on |K.(m,n)|
will suffice. We will not attempt to establish such bound here.

After a coordinate transformation ¢t = 2w (A, — n)% in Eq. (4.22), we
recognize the integral representation of the modified Bessel functions of
the first kind I,,(z). The integral representation of I,,(z) is given by

(lz)” a+ioo L2
I(z) = ;m' / t7r et I gt (for « > 0,Re(v) > 0). (4.29)

a—100
The coordinate transformation changes the integration contour in Eq.
(4.22) to o —io0 < t < v+ @00 with o = 2w(A, —n). The integral in Eq.
(4.22) is thus equal to

a-+1i00 2 _ _
—(2r(A, — n))lw/ 192 oxp (t | Ar¥(m AQ’;) In A,,|>
C

(w—1)/2
_ - 1—w |n — Al/| 4m - -
= —2mic (TI’L—AM> Il—w <C\/(m AM) ’n AI/’) )

where we substituted the Bessel function for the integral. Inserting this
into our series (4.22), we obtain our final exact result for the Fourier
coefficients

cu(m) = QWZZ%KC(m—AM,n—A,,)Z S e(n) (430

v oc=1 n—A, <0
In— A, /2 4
(m_A” Iw (“f/m =80 In =B,

Remarkably, Eq. (4.30) determines all coefficients ¢, (m), m > 0 in terms
of the polar coefficients c,(m), m < 0. This fact will be important in
later discussions. If m — A, = 0 we should take a limit as m — A, — 0.

Eq. (4.30) is a major improvement over the estimate by the saddle
point method (3.86). It provides us a way to calculate the black hole
degeneracies with an arbitrary precision. The asymptotic behavior of
the sum is governed by the Bessel functions. In the limit lim, 0, I,(2)

behaves as ———e?. Corrections to this leading behavior can be calculated
V2orz

as a perturbative expansion in % Neglecting a contribution proportional
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to e* we find for v half-integer

ZILHQOIV(Z) ~ Verz = k‘!F(VJr%— ) (22)F (4.31)
2 v—1/2 ( 1)k k
_ € - V)2 _ 2
= =1t ; k!(gz)kg((z )2 — (2k+1)%)

Notice that this expansion is finite. Refs. [134, 135] are useful for deriving
the above expansion.

We observe that the magnitude of the coefficients is dominated by
the term ¢ = 1 and and n = 0 in (4.30). The corrections to the entropy
by the Bessel function are polynomially 1/m. The sums over ¢, n and
u give exponentially small contributions to the entropy. Using the weak
bound on the Kloosterman sum, we see that for large charges, ¢,(m) is
estimated by

Cu ~ ZZ Z \n—A ‘4 —w/2 (m A )w/2—7

cll/nA<0

X c“exp <4: \/(m —Ay)n— A,,\) (1+0((m— AM)_l/Q)).

We directly observe consistency with our earlier estimate Eq. (3.86).
Moreover, two additional sums appear, one over ¢ and another one over

n—A, <0.

4.2 A regularized Poincaré series for h,(T)

This section derives an expansion for h,(7), which is similar to a Poincaré
series. This will be interpreted in Chap. 5 as a manifestation of grav-
ity in the CFT partition function. The derivation given here appeared
earlier in the appendix of [136]. It is in some sense a reversed version
of the analysis in Ref. [137]. We start with the vector-valued modular
form h,(7), and derive the series based on its Fourier coefficients (4.30).
Whereas Ref. [137] basically starts at the other end, and determines its
Fourier coefficients together with its transformation properties. We take
the opportunity to generalize the result to vector-valued modular forms.

Our strategy to derive the Poincaré series is fairly straightforward.
We substitute the expression for the Fourier coefficients in the Fourier
series for the non-polar part of h,(7). Then we use the infinite sum
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representation of the Bessel function (4.32) and the Lipschitz summation
formula (4.34) to rewrite h,(7) as a Poincaré series.

The Bessel function I,(z), appearing in the expression for c,(m)
(4.30), admits a representation as an infinite sum [134]

s (32
() = (5) kZOkWM (4.32)

We substitute this sum in (4.30) and subsequently substitute (4.30) in
ht (7). We obtain

hi(r) = > culm)gm B (4.33)

S YD ID M (f)zk“‘w

n—A,<0 c=1 —c<d<0 k=0
(c,d)=1

n— A, |k-w
’r(k: ¥ 2’ —w) © <(” N A”)E)

X Z (m_k!A“)ke((m—A#) <T+Ccl>>,

m—2A,>0

where we interchanged the sum over m with the other four sums and
grouped the terms dependent on m.

Lipschitz summation formula

At this point, we have to digress and introduce the Lipschitz summation
formula, which is a crucial ingredient for the derivation. Let 7 € H,
NeNO0<a<l,p>1,then

N

) = (Z2mi)F 3 m =+ a)P"lgmte T
ZZZN(TH)I)_ L(p) mzo( + o) " + E(r,p, @), (4.34)

where Q = N + % and E(1,p,Q) is an error term and given by

E(7,p,Q) = (iQ)' " /OO Mo —0) — bz + i)dx, (4.35)

oo 1+ exp(2mzQ)

where (2r2Qa)
_exp(2rzQa
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The error tends to 0 for ) — oo, except for the case p = 1, o = 0; then
we obtain limg .o, F(7,1,Q) = mi. The case p =1, o = 0 gives the two
well known infinite sums for cot n7

1+§: L t 2 i m (4.36)
- = mwcot T = i — 27i )
T = T—1 T+1 m:Oq ’

which can also be proved by using sin T = 77 [[°2, (1 — 72/n?).

The proof of Eq. (4.34) uses the function f(z) = e((z+7)a)/(i2)P(e(z+
7) — 1). This function has poles at 2 = —7 — [, | € Z with residues
(2mi)~te(—la)/(—iT —il)P. The right hand side is obtained by integrat-
ing along the boundary of the rectangle —Re(7) £ @ £ iM, which is slit
along the positive imaginary axis to avoid a branch cut of (iz)P. The
main contribution to the integral comes from this part of the contour. It
can be calculated using the Hankel contour integral ﬁ = 5o [ e'tPdt
[134], where C is the contour which begins at —oo —i0™, circles the origin
in the counterclockwise direction and ends at —oo +i0". The horizontal
sides do not contribute when M — oo, the error is accordingly calculated

by the integral along the vertical segments.

We apply the Lipschitz summation formula (4.34) in (4.33) to the
sum over m, the new summation variable will be denoted by I. The error
term F(r,k+1,N + %) vanishes in the limit N — oo, except when k =0
and A, € N. When the error term does not vanish, we get an additional
constant. This constant is equal to %CN(AM) and is given by

1
Sen(Bp) = (4.37)
wln—A,|)1—w = w—
™ Zn—AU<O %Cu(n)z c QKC(OM) n— Au)a Au €N,
c=1
0’ A/L € Na

where 0, is a vector all of whose components are zero. The fact that the
right hand side of Eq. (4.37) is equal to 3¢, (A,,) can be shown for example

by Eq. (4.30) for ¢,(A,) and the limiting behavior of the Bessel function

for z — 0: lim, o [,(2) = (%)y ﬁ We get after interchanging the
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sum over k and [

N
hi(r) = ,C# Z Z Z A}inoo Z (4.38)
n—A,<0 c=1 —e<d<0 I=—N
(c,d)=1
-1 v o 2 1
M O)e(mle (0= A7) (g ey )
Xi 1 omiln — A, \ ! "
Ik+2—w) \clet+d+cl)

k=0
The exchange of the sum over k£ and [ is allowed because the sums are
absolutely convergent for £ > 0. In case k = 0, the sum over [ in the limit
N — oo is as well convergent. This is shown using the weak bound on
the Kloosterman sum, to which we referred earlier.

The sums over ¢ and d can be such that they have an equal upper-
bound. This is clear for £ > 0, but to show it for k = 0 is slightly subtle.
First, we incorporate the sum over [ in the sum over d. Since the sum over
[ and d is convergent for finite ¢, we can choose for |d| an upperbound N
for which we take the limit N — oo. We thus get a sum of the form

S el(n —A))7)
| M~ —c 4.
N Z Fel=w(er +d)’ (4.39)
c=1 |d|<N
(c,d)=1
where we used that e(Al)d); = 1(71)Z and Eq. (4.8) to include e(A,l)
in M~1(7)%. Ref. [138] shows that
K
: ( —A)e)
c=1 K<\d|<N
(c,d)=1
in case M(y) =1 and (n — A,) = —1. We can show in a similar way

that the generalization holds as well. To this end, define the matrix g(d)},
(with =6, =n—A))

(=0,%), for (c,d) =1,
{ otherwise. (4.41)
Using that M(v,);, = d;e(—d,1) (Where d;, should not be confused with

d,), we observe that e(— 5Hc)g(d)” is perlodlc in d modulo ¢. Therefore,

e(—%%)g(d) ., has a Fourier expansion, and we find for g(d);,

@) = Y B07e (G+0)7). (142)

j=1



90 4. Vector-Valued Modular Forms

with

C

a . d
M_I(V)Ze (—61,6 -+ 5ﬂ)c> . (4.43)
(e
B . contains a Kloosterman sum, and with the weak bound on the vector-
valued Kloosterman sums (see the discussion below Eq. (4.25)), we obtain
O(c™¢) as abound for B; .. The left-hand side of Eq. (4.40) can be written
as

. e((j +0,)4
Klgnoo Z C1 w Z 4 C Z W (444)

= \d\ K+1

Ref. [138] gives estimates for the sum over d which continue to hold for the
generalization after minor modifications. We find that in case (j+4,)/c €

. . clog(K)
Z for some j, the sum over d has an upperbound given by O <T>’

otherwise the upperbound is O (K~'). The estimates for Eq. (4.40)
become respectively, limpg_ oo O (K¥ " “log(K)) and limg_.oc O (K*™°),
which are indeed zero for w < 0. We therefore have shown that Eq.
(4.39) is equal to

— Ay) 2)
lim M-~ —C (4.45)
(c,d):l

The sum over k in Eq. (4.38) is equal to an exponent minus the first
terms of the Fourier expansion: > 2 % =e*— Zlkﬂo 2F /k!, when
w is a negative integer. We recognize the regularization of Eq. (2.111) for
w = 0. However, we want to obtain a closed form for general non-positive
weight. This can be obtained using the equality

o k+1w 1 [e%) .
= (1 —ty—w gy
Zrk+2— w) e( F(l—w)/z € )
k=0

eZ

S 4.4
P(l—w>/o e, (4.46)

which is valid for general w < 1. One can establish Eq. (4.46) by devel-
oping the second integral expression in series using successive integration
by parts, or by considering the differential equation satisfied by f(z).
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We define R(z) = e *f(z). Inserting this and the equal upperbound
for ¢ and d in Eq. (4.38), we obtain

h:[(T) = %CM(AM)-F Z hm Z Z c7’+d(n)

n—Au<0 c=1 |d|<K
(c,d)=1
X e((n—Ay)y(1)) R(z), (4.47)
where z = %. The summand is invariant under v — —~ or equiv-

alently (¢,d) — (—c¢,—d). We can extend therefore the sum over ¢ to
0 < |¢| < K, and divide by two. The principal part can be included by
extending the sum with ¢ = 0. Note that ged(0,d) = |d|, thus ¢ = 0 adds
(¢,d) = (0,1) and (c,d) = (0,—1) to the sum, which works out nicely
with the overall factor of % We obtain finally

() = ety Y dm S ) M () )
n—~»A, <0 YE(Too\D) i
xe((n—Ay)y(r)) R(x), (4.48)

where we have defined } < > jai<x = > e \r),- Lhis is our ana-
= (c,d)=1 o

logue of the series in Eq. (2.111) for the scalar modular form with weight
zero. The regularization is taken care of by the factor R(x), which reduces
for weight zero to the regularization in (2.111). One can say heuristically
that R(z) determines how much the exponent e((n—A,)v(7)) contributes
to h,(7). Fig. 4.4 presents R(z) as a function of = for real . We ob-
serve that the least polar terms contribute less if the absolute weight |w|
increases. Eq. (4.48) will be applied in Chapter 5 to write Zcpr as a
Poincaré series, which has the claimed interpretation in the spirit of the
AdS3/CFTs correspondence.

4.3 The space of meromorphic forms

This section studies the space of the vector-valued modular forms. This
space is denoted by A, m(I'(4m)*, A), as explained in the introduction
to this chapter. We have seen that an element of A, nm(I'(4m)*, A) is de-
termined by its polar coefficients for w < 0 and how it can be constructed
by a regularized Poincaré series. This is an interesting result since the
polar coefficients might be determined by physics, see Chapter 5. The
maximal dimension of A, m(Ic, A) is therefore p(M, A), the number of
polar terms with exponents > —A. Generically, the dimension is actually
smaller, as explained in this section.
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I ————————= e e
08 |
06 | 1

<4
04 | 1
02} |
H w=0
Ww=-] =mmemmmeeee
W=D eeeeeeeeeenes
0 L L L L L L L
0 i 2 3 4 5 6 7 8

Fig. 4.4: R(x) as function of = for x real.

That the dimension of A, m(I'(4m)*, A) is generically smaller than
p(M, A) can be viewed as a manifestation of the Mittag-Leffler prob-
lem [101], which is the problem of finding a meromorphic section with
prescribed singularities of a line bundle £ over a manifold X. The
space of obstructions to find such a section is given by H'(X,O(L)),
where O(L) is the sheaf of holomorphic sections of £. Since the modular
curve H/T is one-dimensional, H'(X,O(L)) is by Serre duality related
to HO(X,O(K ® L*)), with K the canonical bundle. In the present dis-
cussion, sections of £ have weight w and therefore sections of £* have
weight —w. Since holomorphic sections of K are cusp forms of weight
two, this suggests the appearance of cusp forms of weight 2 — w as ob-
structions to the construction of meromorphic forms of weight w. Ref.
[139] generalizes these considerations to the vector-valued case and proofs
that the obstruction space for vector-valued modular forms h,(7) is given
by the vector-valued cusp forms g,(7) of weight 2 — w and transforming
with the matrices M. We denote this space by Sy_wm(l(4m)*). We
will comment in the end of this section on the magnitude of p(M, A) and
dim Sy_,, jr(I'(4m)*).

This section shows that one encounters the presence of constraints
on the polar coefficients when one attempts to obtain a negative weight

modular form with a prescribed set of polar coefficients by a sum over
I'/T'» [137, 136]. As in the previous section, such a sum naively com-
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pletes a function which is not modular covariant to a modular covariant
object. However, it is shown that the function generically transforms
anomalously. This is a consequence of the regularization of the divergent
Poincaré series. In many cases, a proper choice of the polar coefficients
avoids the anomalous modular behavior.

To proceed, we define h,(7) by the expression given in Eq. (4.48), with
a general set of polar coefficients, and consequently deduce its transforma-
tion properties in Sec. 4.3.1. Some relevant properties of period functions
are reviewed first. Many intermediate steps are given without rigorous
proofs, these can be found in Ref. [137]. We discuss the case of scalar
modular forms; at the end we simply state the straightforward generaliza-
tion to vector-valued modular forms. Sec. 4.3.2 explains how the number
of constraints can be determined using the Selberg trace formula.

4.3.1 Transformation properties of h,(T)

For simplicity of exposition we discuss the case of scalar modular forms.
We start by explaining what a period function of a cusp form g(z) is. The
form g¢(2) transforms as g(y(z)) = M~ (y)(cz + d)> “g(z) under v € T.
The period function of g(z), p(7,7,g) is defined by

1

p(7,9,9) = m /wo 9(2)(z—7)""dz, y € HUQUioo. (4.49)
Yy

Note that in case —w € N, this expression is a polynomial in 7. Also note
that the expression p(7,y,g) makes sense for any function g(z) that de-
cays sufficiently rapidly at infinity, e.g. g(z1 + i22) ~zp 100 C25e 4%
for A > 0 will suffice (C and « are undetermined constants). The
constituents of the integrand satisfy simple transformation properties:

v(z) = (1) = m;‘% and dvy(z) = j(jzz)2. Using these equations we

obtain for p(v(7),v(9), g(z)) the transformation rule

p(y(7),7(1),9) = (v, ) M%) [p(7,5,9) — p(T,7(),9)],  (4.50)

where we have used the fact that M () is unitary.
If we choose a constant § > 0 we can try to construct a cusp form
g9 (2) of weight 2 — w by the Poincaré series

1 M () (=27i6) % e(6v(2 1
=l 3 MO ) 1S~
i(7,2)
YET o \I'
where we defined ggé)(z) by the second equality. The prefactor is chosen

for later convenience. We will sometimes drop the superscript 6 when the

YET o \I'
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context is clear. For w < 0 the series is convergent, although it might
vanish. The Poincaré series span the space of cusp forms [140].

The period functions are relevant for the transformation properties of
regularized Poincaré series, see the next subsection. In that discussion,
we make use of the function ¢, (7) defined by

ty(1) == p(T,'y_l(ioo),ﬁ).

Using the above identities and Eq. (4.2) one can check that t,(7) satisfies
the transformation rule with ¥ € I’

ty(3(1) = §(3, 1) M (F) [ty5(7) = p(7, 77 (i00),377)] , (4.51)
Note that t.(7) can be rewritten as

60 = g i) M e () [ e (452)

2710
cj(v,7)
are first a transformation of Z to y~1(2), then rewriting of the integrand

using its modular properties and at last another redefinition of Z.

We study first the transformation properties of a (scalar) modular
form with a single polar term ¢~% (6 > 0) for a clear exposition. Eventu-
ally we will deduce the transformation law for general h, (7). We define
the function s, (1) = j(v,7)"“M 1 (y)e(—5v(7)) and use t,(7) as in Eq.
(4.52). Eq. (4.48) is in this case given by

with x = where c is the 21 matrix element of «v. The steps involved

B0 (7) = %c(5>+1 m S sy (r) s (r). (4.53)

K—oo
Y€\ K

s~(7) satisfies s+ (Y(7)) = 7(7,7)" M (¥)s,5(7). We obtain with Eq. (4.51)
1 1 -

WEDGE() = 5ed) + 5 M@F)Er +d)” (4.54)
x lm ST s (1) + () = p(r AT (—i00),779).
TET\I) K

The invariance under T' = ; is obvious from the Fourier expansion and
Eq. (4.38). We therefore only need to check the invariance under the

? _01 > The set of elements (I'oo\I') x

is however left invariant under right multiplication of S. Therefore,
D oveCo\D) i 598 (T) +19s(7) = X eror) 5+(7) +t5(7) holds.

other generator of I', S = <
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The anomalous terms compared to the usual transformation rule of
modular forms are the constant term %c(é) and the subtraction of period
integrals. A careful study of the limit K — oo and the period integrals

is needed. Lemma 4.4 of Ref. [137] shows that for y € H

dm 3 p(ngg) = p(rgg®) - e(0),  (4.55)
Y€\ K

thus the limit K — oo and the integral do not commute. This comes

about as follows. Calculation of the Fourier coefficients of ¢(®) gives an

error term by the Lipschitz summation formula. This error term tends

to zero, however the period integral over the error does not vanish and
provides us with the offset.

In Eq. (4.54), we however have y ¢ H but y = 5 !(ico) € Q. In this

case we obtain with Corollary 4.5 of Ref. [137]

im > p(rAN00),6) = p(rA (i), 9P) (4.56)
YET o\ K

+e(6) (M—l(a)(af +d)v - 1) :

Inserting this result in Eq. (4.54) we find the transformation of h(=9)(r)
under -y

WD (3y(7)) = 3 (7 1) M () | R0 (7) —p(Tﬁ_l(iOO),ﬁ)} . (457)

Note that in special cases g is zero. This is for example the case for
d e Nand w=0,-2,—4,—6,—8 and —12 [141]. A cusp form with weight
12 = 2 —w of T" exists, which explains that in case w = —10, we will find
a transformation with a non-zero shift.

Extending the above to the case of vector-valued modular forms with
multiple polar terms is straightforward. The period function should van-
ish of course in this case. For a general choice of A, and polar coefficients
cu(n), we obtain the transformation

hu(y(7)) = (er + )" M(y)}, [ho (1) = p(r, 7~ (=ic0), g0)] . (4.58)
with

—(2mi(n — A, 1_wCVTL6 n—A, .
W=t ¥ Y M i s A Malne(n = A ()

2—w
n—A,<0~yel\I' (CZ + d)

We observe that transformations of h,(7) with generic polar coefficients
involve a shift by a period function. Therefore, an h,(7) constructed by
the regularized Poincaré series transforms generically anomalously com-
pared to Eq. (4.7).
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4.3.2 The number of constraints

This subsection determines the number of constraints and the dimension
of space of potential partition functions. The analysis appeared earlier in
[142].

Since the integration over independent cusp forms g,(7) results in in-
dependent vector-valued functions, the space of obstructions to the con-
struction of proper hy(7) is Sy, p(Ic). In other words, we have the
following exact sequence

0— Aym(T'(4m)",A) = P(M,A) — Sy, p(I'(4m)*) — 0,  (4.59)

where P(M, A) is the space of polar terms, which has dimension p(M, A).
The dimension of A, m(I'(4m)*, A) is therefore calculated as the number
of polar terms p(M, A) minus dim Sy_,, g7 (I'(4m)*):

dim Ay m(T'(4m)*, A) = p(M, A) — dim S,_, gr(I'(4m)*). (4.60)

First the number of polar terms p(M, A) is determined. The number of
polar terms is given by

d 1 d 1
p(MLA) = YA, = 55O + S {A, — (A, + 3 . (46
p=1 p=1

where [-] is the ceiling function. In addition, S(M) is the number of A,
which take values in Z and ((x)) is an arithmetic function, which is given
in terms of the floor and ceiling function by

[z] + |z (-1 ifz=¢+42Z, 0<E<1,
((:”))_9”_2_{ 0" ifrel (4.62)

The next step is to determine dim S,_,, 5(I'(4m)*). For this calcu-
lation, we will mainly rely on the methods of Ref. [143]. Dimension
formulas for vector-valued modular forms are also mentioned in [139],
[144] and [145]. Ref. [136] constructs Jacobi forms from a Poincaré series
on the principal part of h, (7).

The basic ingredients for the calculation of dim S,_,, g (I'(4m)*) are
the orthogonality relations for irreducible characters of finite groups and
the Selberg trace formula. The relevant finite group appeared in the be-
ginning of the chapter, namely I'/T'(4m)*. The transformation properties
of g,(7) provide a d-dimensional representation M in terms of the ma-
trices M(v). We define a character of the representation M in the usual
way by

xm(y) = Tr(M(7)). (4.63)
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We label the set of irreducible representations by R;. The orthogonality
relations for characters of finite groups read in this case

1
m Z XR; (V)XRj () = 04 (4.64)
m €L /T (4m)*

The multiplicities m; of the irreducible representations R; in M are given
by

1
T (4m)| v (7)- 4.65
T i, (4.65)

The individual vector elements g,(7) transform covariantly under
I'(4m)*. Therefore they lie in the space of weight 2 — w cusp forms
of I'(4m)*, which is denoted by Sy_,,(I'(4m)*). The space So—_,(I'(4m)*)
is closed under transformations of 4 € I'; such transformations rotate
a chosen set of basis elements of Sy_,,(I'(4m)*) among each other. As a
consequence, Sa_,(I'(4m)*) defines a dim Sa_,,(I'(4m)*)-dimensional rep-
resentation of I'/T'(4m)*, which can similarly be decomposed into the ir-
reducible representations. When the multiplicities of R; in So_,,(I'(4m)*)
are s;, then dim S, ,, yp(I'(4m)*) = >, m;s;. The character of the ele-
ment « in the So_,,(I'(4m)*)-representation is denoted by

Tr [y, Sa—w(I'(4m)")] . (4.66)

In terms of the characters , dim Sy_,, xp(I'(4m)*) is now expressed by

dim S, g (D(4m)*) = W (4.67)
x Y xm()Tr [y, Sem (T(dm)*)].
el /T (4m)*

The Selberg trace formula provides a way to determine traces as in
Eq. (4.66), for example Tr [y, So—y(I'(4m)*] — Tr [y, M,y (I'(4m)*] can
be calculated. The space M,,(I'(4m)*) is the space of holomorphic mod-
ular forms of I'(4m)* with weight w. This is applied by Theorem 5.1
of Ref. [143] to calculate the dimension of the space of a vector-valued
cusp forms, with weight 2 — w and whose transformation matrices M(7)
form a representation of the finite group T'/T'(4m)*. It is a sum, of three
(generically fractional) contributions

dim Sy, 5r(T(4m)*) — dim My (T (4m)*) = As+ Ac + Ay, (4.68)
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4 7’ “

where the subscripts “s”, “¢” and “p” refer respectively to “scalar”, “el-
liptic” and “parabolic”. ThlS termlnology appears naturally in the deriva-
tion of the Selberg trace formula, see for example [146]. The three con-

tributions are given by [143, 144]

As = TXM(l)a (4.69)
Ao = e [e (<) )] + 525 me |e (P52 ) (s
A = Lo Y0

The quantity S(M) is defined by the number of terms equal to 1 in
Xni(IT™) for general n. Note that this definition gives the same number
as the definition of S(M) given above (4.62). The numbers A\, are the
fractional numbers appearing in xy;(T") = >_,e(Aun). These A, are
equal to A, mod Z. The number of polar terms, (4.61), contains thus a
term Ap. The trace of the identity matrix xy;(1) is the dimension d of
the representation M. Egs. (4.68) and (4.69) lead to simpler dimension
formulas than for scalar modular of congruence subgroups I'(N). This
suggests that vector-valued modular forms might be more fundamental
as forms of congruence subgroups.

Eq. (4.68) provides us dim S,_,, g7 (I'(4m)*), since holomorphic mod-
ular forms with negative weight do not exist, such that the dimension
of M_yy m(I'(4m)*) is 0. To calculate dim Sy_,, xp(I'(4m)*), one needs to
evaluate xpyg(7) for the relevant 4’s and substitute in Eq. (4.69). An
equation for dim A,, m(I'(4m)*, A) can now be given. One finds

dim Ay, n(T( Z A, + 7d + Ae. (4.70)

The first term is generically polynomially in d and |Ae| < 1. The calcula-
tion of the dimension for the CFT partition functions will be performed
in the next chapter.



5. INTERPRETATIONS AND APPLICATIONS

The first chapter motivated the study of black hole partition functions
and left us with three main problems. The first problem was to confirm
the black hole entropy from a microscopic point of view. This is achieved
in the end of Chap. 3, following the original work [3]. The other two main
problems are to clarify the connection between black holes and topological
strings (Subsec. 2.1.3), and to find manifestations of an AdSs-gravity
partition function in the CFT partition function (Subsec. 2.2.2).

This chapter revisits the motivations and analyzes the two remaining
problems using the technical results of the previous chapter. In contrast
to the first chapter, first the AdSs-interpretation is discussed and subse-
quently the connection with Zi,,. The results of Chapter 4 proof also
useful in other places where vector-valued modular forms appear. As an
application of this, the partition functions of four-dimensional N' = 4
supersymmetric twisted Yang-Mills are discussed in Sec. 5.3.

5.1 The AdS;/CFTy correspondence

Subsec. 2.2.2 discusses heuristically pure (chiral) AdSs partition func-
tions. The semi-classical path integral of pure gravity is a regularized sum
over a set of smooth Euclidean geometries. The sum resembles a Poincaré
series, which are sums over I'/T'w. On the other hand, a CFT partition
function is a modular invariant and can be rewritten using Poincaré se-
ries. Unfortunately, the discussion in Chapter 2 is not fully satisfactory.
Examples of problematic issues are the holomorphic factorization and the
appearance of a double sum for pure gravity.

Nevertheless, this section again attempts to write Zcpr as a Poincaré
series with the interpretation of a semi-classical sum over geometries. The
presence of supersymmetry in the M-theory setup makes the prospects
for an accurate semi-classical analysis much more promising. Based on
the results of Sec. 4.2, Zcpr can indeed be written as a Poincaré series.
Subsec. 5.1.2 discusses the series from the physical point of view. Some
extra attention is paid to the regularization and anomaly cancellation.
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5.1.1 Zcpr as a Poincaré series

Using the regularized Poincaré series derived in Sec. 4.2, a Poincaré series
for Zopr(7, T, 2) is readily written down. Using (4.48), Zcpr(7, T, 2) can
be expressed as

Zopr(T,72)= 5 Y cu(A)Ou(1,7,2) (5.1)
peA* /A
1 1. s cz2 /2 ¢z )2
+ 5 ) et (M) 2‘7(%7)26<m++d C%er)
oo /T
2wi(n — A)
X Z cu(n)R (_M
n Ao c(eT +d)

x e((n=Au)v(7)) Ou(v(7),7(7),7(2)),

where A, is given by

2 2
ek (WHpp |pPtpop
= < : { : J) (5.2)

Furthermore, n — A, is equal to g5 = g5 + 3¢° With ¢ = g+ p/2 mod A.
The regularizing factor R(z) is given before in Eq. (4.47).

We see that in the present case of a partition function of BPS states,
the semi-classical expansion is remarkably accurate. The function is writ-
ten as a single sum over I'/T'w,. The series in Eq. (5.1) is however more
involved than the gravity path integral described in Sect. 2.2. The elliptic
genus contains a theta function which captures the dependence on 7 and
z. In addition, the principal part can possibly consist of many terms. The
remaining part of the section gives an interpretation to the ingredients of
(5.1). The interpretation is due to [89]. The improved regularization of
[136] gives rises to some new insights.

The dependence on z% in Eq. (5.1) is a consequence of the fact that
we are not dealing with pure gravity but with a reduction of M-theory
to AdS3. The parameters z* are the boundary conditions for gauge fields
on the boundary 72 [112]. The flat gauge fields lead to a singular line
in the interior of the solid torus. They correspond to Wilson lines [89].
The theta function arises from the singleton modes [125] and adds the
contributions of U(1) degrees of freedom to the spectrum. These are pure
gauge in the bulk but dynamical on the boundary. As mentioned earlier,
they can be seen as the nucleation of M5-branes [59]. .

Another important difference between (2.111) and (5.1) is the sum
over qg+ %q2 < 0. Eq. (5.1) therefore contains many polar terms whereas
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(2.111) contains only one. These terms are quantum corrections to the
classical action. Although every single term is a non-perturbative cor-
rection, the whole sum captures both perturbative and non-perturbative
corrections to the supergravity action. The contribution of these polar
states to the full elliptic genus, is given by

_ N 1 12 B
Zopr(,7,2) " = Y. <qO + 2q2> qor2T0,(1,7,2).  (5.3)
HEA* /A
qﬁ+%q2<0

These states are interpreted as “light” excitations of thermal AdSs. They
are typically Kaluza-Klein modes or (charged) point particles. The charged
point particles can be branes wrapping cycles in an orthogonal compact
manifold, see the next section for more details on this higher dimensional
interpretation of the AdSs degrees of freedom. The Wilson lines are
the worldlines of the (virtual) particles. The contribution of the gas of
virtual particles can be determined by a Schwinger calculation. Such a
calculation is carried out in the next section. The negative energy of the
AdSs-geometry allows a certain amount of particles to be present without
a gravitational collapse. However when the energy surpasses the cosmic
censorship bound a black hole will form through a Hawking-Page phase
transition. In the case of AdS3/CFT2 correspondence, such an interpre-
tation was first proposed in Ref. [147]. The states without gravitational
collapse satisfy in this case M—% “bJovaJo,b < 0 with M = Lo+Lo— %
[148]. Since M = q5 + q%_, the bound corresponds to g5 + %qz < 0. The
polar states (counted by (5.3)) are thus exactly the states which do not
collapse into a black hole in thermal AdSs.

The polar regime is the regime where counting of the degeneracies in
supergravity could be reliable. For cases with higher supersymmetry, N' =
(4,4) and “large” N = (4,4), such a comparison between supergravity
and CFT side is carried out by Refs. [149, 110]. After a spectral flow
transformation to the Neveu-Schwarz sector, they have shown that the
supergravity degeneracies indeed match with the CFT degeneracies for
negative eigenvalues of (Lo — %% )ns. The computations on either side of
the correspondence do not match for states with a higher energy. This
suggests that gravitational degrees of freedom start contributing at this
level, which is in agreement with the Hawking-Page phase transition.
Since nys = 0 is the smallest value of nyg which satisfies the cosmic
censorship bound this is not surprising [89]. Ref. [112] determines the
supergravity modes for the current case of interest: AdSs arising by an
M-theory compactification on X x S2.
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The Poincaré series for the elliptic genus (5.1) has the following phys-
ical interpretation. It is is a sum of the polar spectrum over all the black
hole geometries. Higher excitations would collapse into the black hole and
are therefore excluded, since those states are counted by another classical
black hole geometry in the sum.

5.1.2 Regularization and anomaly cancellation

An indispensable ingredient in (5.1) is the convergence factor R (Cfgj_%) ) ,

where R(z) = ﬁ Jo e 't7"dt with w = —by/2 — 1. The presence of
this factor is the main novel ingredient compared to the original discussion
in [89]. The consequences of this factor are described here in some detail.

First, we check that the factor does not change one of the attractive
properties of the series in (2.111) and [89], namely the manifestation of
Hawking-Page phase transitions. To see that this is the case, we estimate

() - 1)

2mi(n — A,) ei%%% 9 CR w1
el Sl A I | I 24 4
‘R< cler + d) > ‘— (1 —w) (’c(m‘-+d)|> o (54

% > 1. We observe that the correction is

typically exponentially smaller than the exponent of the classical action,
and therefore (5.1) predicts phase transitions parametrized by I'no\I'. Fig.
4.4 shows that R(z) is indeed exponentially close to one for z € R and
z > 1 and how its behavior near z = 0 depends on the weight w.

The absolute value |R(z)| takes its values between 0 and 1. Therefore,

where we assumed that

the factor R C(z;zz%) can be understood heuristically as the “fraction”
of light excitations, with a given value of ¢j in thermal AdSs, which
contributes to the states of a black hole geometry given by (c¢,d). This
fraction represents stable states in the black hole geometry, whereas the
other states are unstable and will collapse into the black hole. From this
viewpoint, R(z) can be seen as a smooth cut-off on the contributions

of the light excitations in thermal AdS3 to the geometries with ¢ # 0,

since R ( C(Qgﬁ%)) is exponentially close to 1 for ¢z > 1, and is zero for
Gy = 0. The geometries with complicated topologies (¢ and/or d > 1)
are similarly cut-off. Note that R(z) is in general complex, so such an
interpretation is heuristic, at best.

In a similar way, the anomalous appearance of the states with ¢z = 0

in the elliptic genus can be explained. Half of these states are counted by
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the term

> 500,72,

pEA* /A

which appears separately in Eq. (5.1). Comparison with the Fourier
series of the elliptic genus, Egs. (3.62) and (3.73), shows that the sum
over I'oo\I' contains an equal term. This suggests that half of the states
at gg = 0 correspond to black holes, whereas the other half are stable
states in thermal AdSs. Since these stable states in thermal AdSs do
not contribute to the black hole states, their interpretation is more subtle
than the states with ¢z < 0. The way the states at the threshold appear
in the partition function leads us to suggest that these excitations are
so close to a collapse in thermal AdSs, that they would collapse into the
black hole when added to a black hole geometry. A more quantitative
description of these phenomena is highly desirable.

Sec. 4.3 explained the transformation properties of h,(7) for a general
set of polar coefficients. The regularization by R(z) led to an interesting
anomaly. The transformation (4.58) determines the following transfor-
mation for Z

Zl gy —2= (5.5)

e(v) ) .
_W MQZ @“(T’ " Z) /1(00) g#(t)(t B T) ? +1dt7

where g,,(7) is a vector-valued cusp form determined by the polar coeffi-
cients and the integral is a period function. The shift in the transforma-
tion of Z compared to Eq. (3.69) represents an anomaly under modular
transformations. This is a familiar situation in quantum field theory: a
divergent quantity is formally invariant, the regularized quantity breaks
the invariance, but in a controlled way. Thus the problem of constructing
Z is a kind of anomaly cancellation problem: one must choose the polar
coefficients, such that g, (7) = 0.

In fact, the analogy goes deeper, since the anomaly is related to co-
homology theories. As explained in Sect. 4.3, the obstructions are given
by HY(XO(L)), where L is the bundle determined by the singularities of
hy (7). In addition to this, there is the relation with the cohomology the-
ory known as Eichler cohomology. This theory defines a cohomology on
the space of functions with at most polynomial growth. The transforma-
tion properties of these functions are derived from the period functions.
We refer to references [141, 150, 151] for more details.
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An interesting question is if and how the anomaly can be canceled.
Two different possibilities exist to cancel the anomaly:

1. If the number of polar coefficients is larger than the number of
obstructions, the polar coefficients can be chosen such that the
anomaly cancels. This possibility is most common in physical situ-
ations.

2. The anomaly can be canceled by the addition of a non-holomorphic
term to h,(7), which grows at most polynomially with 7.

The first possibility has the advantage that meromorphicity is pre-
served. To determine how many polar coefficients can be freely spec-
ified, one needs to compare the number of polar terms p(M, §§) and
the constraints dim Sy, /o yp(I'(4m)*), where M is the representation of
['/T(4m)* determined by the transformation properties of h, (7). The di-
mension d of M is the order of the group A*/A® R, with R the reflection
group of A*. This quantity is roughly given by ﬁm* /A|. The num-
ber of polar terms p(M, A) can be calculated by (4.61), with A, given
by (5.2). On the other hand, the number of constraints is calculated
by Egs. (4.68) and (4.69). In the context of AdSs-gravity, cr is typi-
cally large. In this situation, p(M, §%) grows approximately as $§d, and
dim S5y, /o jp(I'(4m)*) as %d. We observe that the ratio between the
numbers of polar terms and constraints grows linearly with the central
charge. This property is also valid for V' = (2,2) elliptic genera [142]. A
general and precise analysis can in principle be carried out. To this end,
the traces xy;(S) and xxr(ST') need to be calculated. Currently, this is
only established for some one-dimensional lattices [142]. Secs. 5.2 and
5.3 calculate the number of polar coefficients and constraints for a view
specific cases.

Note that the form of A, in (5.2) makes it suggestive to write h,(7) as
fu(7)/n(7)°". The dimension of the space of meromorphic h,(7) can then
be calculated as the space of holomorphic f,(7) by (4.68), if cr > by + 2.
These f,(7) might capture interesting data as in the case of SU(2) N' = 4
Yang-Mills theory on CP?, see Sec. 5.3 for more details.

The second way to cancel the anomaly is required if the space of con-
straints is larger or equal to the number of polar terms. Also, physics
might prescribe a set of polar degeneracies, which can not be consistently
extended to a holomorphic modular form with the required transforma-
tion properties. In such cases, the modular anomaly must be treated for
a holomorphic anomaly, since diffeomorphism invariance is more funda-
mental than meromorphy. Eq. (4.50) shows that a non-holomorphic term
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can be added to h,(7), based on the period function (4.49), such that

Zo(r72) = 2(1,7,2) = > Ou(r,7,2)p(7, 7, ) (5.6)
HEAN* /A

transforms covariantly. To study its properties more precisely, we rewrite
p(T, 7, Gu) as

1

Faa ) e 57
(2i7p)2tb2/2

> = Qi 1+b2/2 .
F(2+b2/2)/1 gu(T + 2uim)u du

From the first expression it is clear that h,.(7,7) = hu(7) — p(7, 7, p)
satisfies the holomorphic anomaly equation

0 o (=2imp) /2

%hMC(T’ 7') = Wm (5.8)

Of course, such a non-holomorphic correction is far from being unique!
The above choice is distinguished by the fact that h, (7, 7) is annihilated
by a Laplacian given by A = %T; 1=t2/ 2%. Note that (5.7) also reduces
to a polynomial in 7 and 7 for bs even.

The holomorphic anomaly described here is similar to the one appear-
ing for weight % modular forms discussed in [152, 153]. In physics, such
holomorphic anomalies arise in the partition function of N' = 4 topolog-
ically twisted Yang-Mills theory on CP? with gauge group SO(3) [154],
and also in the context of Donaldson invariants [155]. This suggests that
holomorphic anomalies might appear as well in the (4,0) elliptic genus.!
Sec. 5.3 discusses the holomorphic anomaly for N' = 4 Yang-Mills in
some detail.

Finally, we comment on an ambiguity related to the Poincaré series.
We have argued that the states counted by the theta function are pure
gauge in the bulk and only dynamical on the boundary. Therefore, these
states should not be summed over all different bulk geometries. This inter-
pretation implies that all non-polar states are black hole states. The valid-
ity of this statement might be questioned for two reasons. First, the sin-
gleton degrees of freedom are not just ©,(7, 7, z) but ©,(r, 7, z) /n(7)’**+2
[124]. Here, the descendants of the primaries given by the lattice and
also those due to p are included. These descendants are also excitations

! Exactly this suggestion has been made previously by D. Gaiotto in a seminar at
Princeton, Oct. 13 2006.
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on the boundary, and not to be summed over all geometries. From this
point of view, the following composition is natural

Z f,u sz+§)- (59)

pEA*/A

The weight 0 vector-valued modular form f,(7) will be written as a
Poincaré series to write it as a gravity partition function.

The next reason to question the statement that all non-polar states
are black hole states is that in general the descendants of primaries should
not be considered as black hole states [92]. The black hole states are the
primaries. The contributions of the descendants can be calculated in (su-
per)gravity by higher loop corrections [156]. Since the descendants are
not black hole states, one should sum these descendants over all geome-
tries. In other words, in the Poincaré series for f,,(7) one wants to remove
the condition n—A,, < 0 and include also the descendants of the polar pri-
maries. Interestingly, these requests are allowed for the decomposition as
in Eq. (5.9). Generically, the non-polar terms would lead to obstruction
forms with a polar part. In the current case, the period function vanishes
since the non-polar obstruction forms can be written as the derivative of
a weight zero form. Constraints on the polar terms of f,(7) might still
exist since cusp forms of weight two do exist for congruence subgroups
in general. The inclusion of these modes in the sum does not change the
degeneracies of the non-polar states.

5.2  Four-dimensional black holes

The previous section explained how to interpret the series (5.1) from an
AdS3 point of view. Roughly speaking, it is a sum over all geometries
of the light excitations in thermal AdSs. In this section, we connect
the AdS3 discussion to the four dimensional black holes an M-theory
and explain how the Poincaré series quite naturally connect Zgy and
Ziop- The light AdS3 excitations include massless supergravity modes as
well as M2-branes and anti-M2-branes [57]. In addition, there are other
exotica such as M5-black rings, Z, quotients of AdS3 x S? and even more
complicated geometries. These are all expected to be dual to the multi-
centered D6 anti-D6 configurations that played a crucial role in Ref. [37].

The next subsection considers the relation between Zgy and Zi,, in
the regime with strong topological string coupling A ~ /¢g/p? > 1. This
is also the regime which is required for low energy M-theory to be valid.
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In Sec. 5.2.2, the opposite regime with a weak coupling is analyzed. In
this regime, we will find deviations from the conjecture (2.61).

5.2.1 Strong topological string coupling

The Poincaré series for the N' = (4,0) elliptic genus can be used to
elucidate the OSV conjecture [5, 59, 37]. To relate Zcpr with Zpy, we
made the identification of parameters given in (3.63). This determines
among others that 7 = 7. In the regime of a strong topological string
coupling 7 ~ iy/p?/ds. The leading behavior of the partition function
can be determined, by the saddle point method. This will identify the
perturbative part of the black hole action. Since 7 is small, the most
contributing geometry is given by the pair (¢,d) = (1,0). In this regime,
Re(z) — oo in the argument of R(x). Thus the regularization factor
introduces only exponentially small corrections. In this way the artificial
restriction to ba(X) even, imposed in Ref. [37], may be removed. By the
saddle point technique, we find the following perturbative action

2 3 2
. z p°+ca-p ¢ q-z
2 _—t— + — 4+ — | = 5.10
i <27+ oy +27+T> (5.10)
271
o (Gpra+2)’+ie-(Gp+a+2))
271
+§((%p—q—z)?’—k%cg-(%p—q—z)),

where we used on the left hand side d,; to define the quadratic terms,
while the cubic terms on the right hand side are defined with the help
of du.. Here we recognize precisely the perturbative genus zero and
genus one piece of the topological string partition function, clearly giving
evidence for (2.61). The elliptic genus is roughly a sum over k and I' /T
of |Ztop]2. Heuristically, the sum over k in the theta function and the
sum over I'/I", make the total expression both spectral flow and modular
invariant.

We would like to take into account also non-perturbative corrections
to the perturbative part. To this end, we would like to integrate out the
lightest degrees of freedom, since they have the largest contribution to
the effective action. The ratio of 1the masses of M5-branes and M2-branes
wrapped on the Calabi-Yau is VgYR/ 631’3, which is proportional to \/qg5/p-
Since the parameter range for a valid use of low energy M-theory is 5/p >
1 (Sec. 2.2), the M2-branes are the light degrees of freedom. Although the
previous section mainly emphasized the excitations in AdSs, the analysis
here is performed in AdS; ® S2. The M2-branes become then BPS bound
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states of DO- and D2-branes. These particles can be integrated out by the
calculation of pair creation in a constant magnetic field, which is known as
a Schwinger calculation [157]. For a supergravity theory, the pair creation
in a background magnetic field should be extended with pair creation
in a background metric field. However, the presence of supersymmetry
reduces the calculation to the familiar field theory computation. The
gauge field is the anti-self-dual field T~. The calculation is carried out
by Gopakumar and Vafa in [158, 159] with background geometry R*.

First pair creation of charged scalar field quanta is considered in a
constant background field T~. The scalar field is considered as a probe
field, the back reaction of the geometry is not taken into account. The
charge of the scalar field is n = n; X!, by supersymmetry |n| is equal to
the mass m of the scalar field. The AdSs ® S? metric (2.29) is rotated to
FEuclidean signature. Then we can introduce the dimensionless complex
coordinates z1 = (tg +i|Z|?/r)/fp (¢p = 1 in the following) for the AdSs
part, and the Fubini-Study metric in terms of zy for the S? part. The
metric in terms of these coordinates is

dz1dzy 4dzodzo
ds® = |Z|? ) 11
=14 <<1mzl>2+<1+rzz|2>2> (5:11)

The Laplacian V? = %@L\/gg‘“’ 0, takes a particularly simple form for
this metric

V2= (8151 + 5161) +

v/ 9AdS2 gs2

where \/gaas = |Z|?/(Im z1)? and /gsz = 4|Z|?/(1 + |22/?)%. The anti-
self-dual gauge field in this geometry is

(8252 + 5232) , (5.12)

dz1dzy 4dzodzy ) (5 13)

r=s ((Im PR GNP

The corresponding potential in holomorphic gauge, 0A™ = 0, is

_ 2idz1 4Z5dzo
AT =71 -— . 5.14
( Imz1+1+]22|2> ( )

The minimal coupling of the scalar field to the gauge field amounts to
changing 0 to @ — nA~. This transforms the Laplacian to

Vi= i ((o+E2) 0+ 0 (0 + B2+ (5.15)

] oz D ) AnZzod
V9s2 ((82 - 7114_"2222'52) Oy + O (82 — 111+|Zz22|§2)) .



5.2. Four-dimensional black holes 109

The Hamiltonian of a massive charged scalar with |n| = m is then
H =V? +|n]% (5.16)

To perform the one-loop calculation, we introduce two sets of raising
and lowering operators. The appearance of a double harmonic oscillator
is due to the fact that a self-dual gauge field is present. The operators
are given by

= 2inZz
= T: —_—
a 01, a <81 + Im(21)> , (5.17)
_ AnZ 7z
b= By, b= (0, — 122
i ( 1+|22|2)

The commutation relations read
a,af] = 2 /Gaas,. (5.18)
bb] = % Ve

The Hamiltonian can be written in terms of these operators as

1 1 n
T T 2
g a'a+ b'o+ = + |n|*, (5.19)
noma VIAdS: vV 9s? Z

where the sum over ng, n, is over both positive and negative charges.
The energy level of the two harmonic oscillators are denoted by /3 and
lo. These are the Landau levels of the charged particles in the magnetic
field. Note that the number of ground states are given by the number of
holomorphic sections of the line bundle. For a line bundle over S2, this
number is equal to the degree plus one.

The contribution to Fg by the one-loop computation is calculated as

Fs(X) = Indet (Vi +[nf*) = Tr In (V% + [n[?) (5.20)

no,Na

where is used dete? = ¢4, Up to a constant, dependent on ¢, Ina is
equal to

In(a) = /OO @e_sa. (5.21)

S

Thus we write for In H

Fo(X) = Tr/

€

a5 —ns, (5.22)
S
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Performing the sum over the excited states of the oscillators, one
obtains

ds 2 ds e ™
~(nlP iz 41 3)s — 5.23
Z /e 4/E s sinh? =% ( )

l1,l2=0 27

The central charge n of the particles is given by ngX? + n,X®. If we
make this substitution in the integral and use that ;e e2misno —
> kez0 (s — k). Then the integral reduces to

27rzkna

Z ksin?(rk/X0Z) (5.24)
where is used that the ratio X*/X° is equal to the Kahler modulus t*
of the Calabi-Yau. In the following, XO 7= Y’{) is denoted by A. Shortly
will be explained that this combination is indeed naturally identified as
the topological string coupling constant A as below Eq. (2.59)

The D0-D2-brane bound states can carry higher spins. This does not

change the calculation qualitatively. One only needs to change V?A, to
[157, 159]

Vi —ndp-T, (5.25)

where Jp is the operator for the momentum in the SU(2) g of the SO(4) =
SU(2)r, ® SU(2)gr. The free energy then reads

2JR

5 nsTr ( )
Z / ds © S , (5.26)

where also a grading (—)% is inserted, to ensure the projection to su-
persymmetric states. The spin representation in the super multiplet is
given by [(3) +2(0)] ® [(3) +2 (O)]T. The first term is always present
by supersymmetry. The representation is related to the Lefschetz action
on the moduli space [159]. An evaluation of the trace under the integral
gives Tr [(—)Fe_Q%JR} — (—4)" sinh®" (%) Therefore, the integral gives

now the following sum over k

2r—2
- Z % [2 sin <k2)\)] e2miknat® (5.27)

For a given D2-brane charge n,, the representation r might appear with
a certain multiplicity. These multiplicities are denoted by aj'¢ and carry
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the name Gopakumar-Vafa invariants. These are either positive or nega-
tive integers and imply non-trivial integrality properties for the Gromov-
Witten invariants. We will not enter into the subject of how to compute
these integers, since this is outside the scope of thesis. See for example
[159, 160]. The total Fg(X) is conveniently written as

Fs(X) = Fav(t,\) + Fav(t, \) (5.28)

with

n 1 : kA e 2mikngt®
FGV(t,)\):—Z Z a,,“E 2sin 5 e o (5.29)

nq>0k>0,r>0

where is used that t* is completely imaginary for a black hole with D4-
and DO-brane charges.

Eq. (5.28) is very similar to (2.60). Indeed, Gopakumar and Vafa
argued in [158, 159] that the effective action obtained by integrating out
the D0O-D2-brane states in R*, reproduces the topological string parti-
tion function. The dependence on A here and in [158, 159] is identical.
Therefore, the identification of A\ as 27/Y? is confirmed here from the
non-perturbative part of the topological string partition function. How-
ever, the degeneracies of the D0-D2-brane bound states in AdS; ® S?
might be different compared to the states in R%. A possible sign of this
are the different number of ground states on S? and R2.

The equality between the supersymmetric D0-D2-brane partition func-
tion and Fip, is not unconceivable, since both systems are in essence the
holomorphic embedding of a Riemann surface in a Calabi-Yau X. This
correspondence can be understood in some more detail by an uplift to
M-theory, where fundamental strings and D2-branes are both described
as M2-branes. A fundamental string corresponds to an M2-brane which
wraps Sy; and a D2-brane is an M2-brane which does not wrap Si;. A
topological string is a fundamental instanton string and wraps a holo-
morphic surface in X. This corresponds in M-theory to an instanton
M2-brane, which wraps S&/{ in addition to the surface in X . In the Eu-
clidean context, the time circle S} and Sﬁ/[ appear on an equal footing
and their role might be interchanged. This would exchange instanton
M2-branes and non-instanton M2-branes. If M-theory is compactified
on S} instead of S}, the original topological string is related to a DO-
D2-brane state. The topological string partition function captures thus
information about the BPS-sector of ITA string theory and M-theory. In
a similar way, topological strings and six-dimensional U (1) gauge theory
(Donaldson-Thomas theory) can be related to each other [161].
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The relation between the Zgy and |Zt0p\2 has now become less mys-
terious. The topological strings calculate the effective action, which is
equivalently obtained by integrating out the D0-D2-branes from the ac-
tion. The leading contribution at a given saddle point is therefore domi-
nated by | Ziop|?. The full black hole partition function takes into account
all states in the near-horizon geometry and sums over all the saddle points.

62’2
Zay o~ >, > (—1)PFe <—CTJZ2d) x (5.30)

kEAT/Too

1 1
5p+k+z 5p—k—z
Ziop <’Y(T), 2) Ztop (7(7), 2)

ct +d

This suggests that Zgy is well approximated by a double sum over the
topological string partition function. The sum over k is the sum over
spectral flow images, and the sum I'/T's, is the sum over geometries. In
the sum, appropriate weight factors, unitary factors and possibly modular
forms might appear in a precise version of this formula. If one considers
the geometries given by (c¢,d) = (1,d) [59, 37], then the black hole de-
generacy can be written as an inverse Laplace transform, as suggested by
the original conjecture [5].

Generically, Zio, is divergent and the parameter identification in (3.63)
does not make it a convergent quantity. Therefore, the expansion of Zi,p
must be cut off appropriately in a precise version of (5.30). The reg-
ularization by R(z) cuts off the function smoothly. The cut off can be
understood nicely in the AdSs x S? geometry. The cut off is a consequence
of the finite number of Landau levels on S?. A charged, supersymmet-
ric state at the north pole represents as many supersymmetries as an
oppositely charged state located at the south pole. This explains the
appearance of \Ztop|2 naturally as the contributions of the membranes
and anti-membranes to the partition function [57]. If one start filling the
Landau levels centered around the north and south pole, they eventually
will start to overlap. The cut off on Zi,p, is then necessary to avoid double
counting.

An interesting property of Fgyv(t,A) is that it can be rewritten as a
product formula. To this end, we define y = 2™, ¢ = ¢*. Eq. (5.27)
now reads

n“l r — r— n
Fov(t N = 30 af (1@ - (5a)
n®>0,r>0,k>0
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We split the sum into » = 0 and r > 0. For the sum over r we find

Za _ k:/2 y—k/2)2r—2:

r>0
ol (/2 — yR12)2 4 ZO‘ 1Y (2 — R
r>0
2 (o
o Y = Y a1y ( ) -ty =
>0 r>0 =0
T
a a 2
DML DD DY Bl [C T
T
>0 r>0 l=—r

where (lir,r) =0forl4+r>2randl+r <O0.

The sum over k,r with n® = 0 can be rewritten as the —ag times the
logarithm of the (non-convergent) McMahon function M(q) = [];~q(1 —
¢")!. This is the generating function for three-dimensional partitions.
The part of the sum with r # 0 can similarly be rewritten to a product
formula. As a result, we find for Zi

-« n (_1)l<2Tr)O‘?a
Ziop =M@ ] (1 —q'y ) B (5.32)

r>0,n2>0,l

The appearance of such a product formula for the modes in the near
horizon geometry was shown in [57].

The part of the product with n* = 0 represents the D0-brane states in
ITA string theory and the constant maps in topological string theory. One
can determine that o = x(X)/2 by the constant part of the prepotential.
Therefore, a term M (q)~X(X) appears in the black hole partition function.
The DO-branes can be viewed as pointlike instantons of a six-dimensional
U(1) gauge theory on X. Gottsche has calculated in [162] the partition
function of such instantons in U(1) gauge theory on a four-manifold M to
be n(T)_X(M ). More recently, the appearance of the McMahon function
for six- manifolds is more mathematically derived in [163]. Remarkably,
the n(7)~! and M (q)~! respectively calculate two- and three-dimensional
partition functions. Thus, a natural structure seems to exist for the
counting of U(1) instantons on manifolds with different dimensions. The
theory of partitions plays an important role herein.

5.2.2 Weak topological string coupling

The previous section explained to what extend |Z0p|? approximates Zgy
in the regime of strong topological string coupling constant. In this
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regime, the effects of R(x) could be neglected. On the other hand, in
the opposite regime of weak topological string coupling, p? > §g the
value of x goes to zero for the ¢ = +1,d = 0 terms in the Poincaré se-
ries and the effects of our regularization become significant, introducing
further corrections to the OSV formula in this regime.

An interesting phenomenon described in Ref. [37, 164] is the “en-
tropy enigma.” This refers to the fact that for charges corresponding to
weak topological string coupling, semi-classical multi-centered states ex-
ist which contribute to the “large radius BPS degeneracies” c,(gg) with
entropies which grow exponentially in p? for p — oo. In particular, they
dominate the single centered entropy, the latter growing like /ggp®. A
growth of log |c,(dg)| ~ p® for p — 0o would be a sharp counterexample
to the OSV conjecture, and would have other interesting implications. As
discussed at length in Ref. [37, 165], since ¢,(qg) is an index it is con-
ceivable that the exponentially large contributions might cancel, leaving
asymptotics log|c,(dg)| ~ v/Ggp®. Ref. [37] argued that such cancella-
tions are unlikely, but left this central question unanswered.

It is interesting to consider this central question in the light of the
present paper. The limit of weak topological string coupling can inter-
fere with the parameter regime for a valid use of low-energy M-theory.
Nevertheless, the SCFT degeneracies of the charges in this regime can
be analyzed. These degeneracies are the “barely polar degeneracies,”
that is, the coefficients c,(gg) for ¢z of order 1 or smaller (compared to
p3). The entropy enigma suggests that these barely polar degeneracies
grow like exp(kp3) as p — oo for some constant k. We are thus led to
ask what constraints are imposed by modular invariance on polar degen-
eracies, and whether the existence of terms with large poles ~ q_ps/ 2
implies, through anomaly cancellation, that the coefficients of terms with
small or order one poles ~ ¢~ Y7 ... g1 ... ¢ 2 ... are large. The
Fourier coefficients g(n) of cusp forms (for I, with trivial multiplier sys-
tem) of weight k grow as n¥/2. Although modular invariance therefore
bounds the growth of the polar degeneracies, a lot of freedom remains
for these degeneracies. From these heuristic arguments, it is clear that
we must look elsewhere for an explanation of exponentially large barely
polar degeneracies.

In the following, we will refine a suggestion made in Ref. [37], p. 117.
We make a toy model of the polar terms of the N' = (4,0) elliptic genus
by considering a modular form for I" with trivial multiplier system (for
simplicity) and considering the polar terms of the negative weight form
®(7)/n(7)°R where cg = p>+co(X)-p and ®(7) is a non-singular modular



5.2. Four-dimensional black holes 115

form for I' of positive weight wg = %CR —-1- %bg. As we remarked above,
the leading coefficient c,—o(0) is, up to a sign ~ p3/6 and therefore in
our toy model ®(7) will have a nonzero Petersson inner product with the
Eisenstein series.

To begin, let us sharpen the comments made in [37] about the barely
polar degeneracies of n(7)~“E for large cgr. For simplicity we assume that
cR is a positive integer divisible by 24. Let us define Fourier coefficients
by

n(r)r = g °r/# ZpCR (n)g". (5.33)
n=0

We are considering degeneracies for n = g + ¢ with ¢ fixed as cpg —
oo (and of either sign) so the usual Hardy-Ramanujan analysis (“Cardy
formula”) is slightly altered. A naive saddle-point analysis proceeds by
writing

To+1 o /24) 1
Dep(n) = e e e 5.34
R( ) /TO n(T)CR ( )

To+1 :
~ / e—27ri(n—cR/24)T+CTR10g(—i7’)+1;r2cf dr.
-

0

In contrast to the usual estimate, it is now the second and third terms in
the exponential which dominate the saddle point. In this way we estimate

n (53 +£) ~en—oo € o ex p<2 <1+logg>+7§€>, (5.35)

for some constant C. This agrees very well with a numerical analysis
of log pep(cr/24) in Ref. [37] (p.117). Moreover, we see that although
the degeneracies grow exponentially with £, the proportionality between
Peg (%" +£) and pep (%—’Z + 0+ 1) is not exponential in cg. This agrees
with the earlier statement that the anomaly cancellation bounds the
growth of the polar degeneracies. It is interesting to compare with the
Rademacher formula for p,(cr/24):

(55) = 20 > » Rl i (5.36)
Per \ 94 T2+ cr/2) '

0<n< CR

X ZC*Q*CR/ZKC (0, n— ;—Z) .
c=1
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We can use a beautiful formula of Ramanujan: 2

=, _ 01-4(n)

Z C KC(O, n) == W, (537)

c=1 5
to simplify our formula to:

14cr/2
(&) =2r Y ) (2l = ) 0ol — )
P L T TR e e end)
0<n<3f
(5.38)

Now, note for large cp there is a very large denominator from the Gamma

function. The factor (27|n — Z—ZDHCR/Z starts very large for n = 0 and

falls exponentially rapidly. Meanwhile, notice that since the index on the
divisor sum is negative the factor o_;_ < /2(§% —n) is a slowly varying
function of n, and strictly smaller than $§ —n. Thus, the sum is dominated
by the terms n = 0. Using Stirling’s formula we find that the contribution

of the n = 0 term is

O _1—cn/2 (;Z) xC’-c]_{lﬂexp( 5 (1+10g6>) (5.39)

in agreement with the naive evaluation. Thus we learn that the contribu-
tion of the extreme polar states in the Rademacher expansion gives the
dominant contribution to the constant term.

Now let us turn to the numerator ®. A similar discussion applies
to the contributions of ® to the barely polar degeneracies. If ® is a
nonsingular modular form of weight w with ®(7) =" -, d(n)q" then a

naive saddle point evaluation of the Fourier coefficients ¢2(n) gives

2 QZA)(O) —w41 _w(1+log(2 - —4r?
n)~+-——=w ze g(27)) =1 (1 + O(e 4w /v ) 5.40
o) ~ 2527 () (.0)
(Although this is naive, numerical checks indicate it is valid.) To estimate
the biggest contribution of the Fourier coefficients of ® to the constant
term in n~“E® we apply this to w = we = %CR — %bg —land n = 5}
yielding, remarkably,

C- 051/2 exp [ (1 + log 6” (5.41)

2 To show this we first relate the relevant Kloosterman sum to the Mdbius function
u(n): ZC( a=1 e(ne) =20 (e.n) M55 )m (See page 160/161 of Ref. [166]). We substi-
a,c)=1 ’

tute this identity in the left hand side of Eq. (5.37). Application of ¢(s)> o, ”fl?) =
leads then to the claimed identity.
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having the same order of exponential growth as the barely polar terms of
n~¢R. Thus, in our model for polar degeneracies the barely polar degen-
eracies are indeed expected to grow exponentially in cg. It is conceivable
that this kind of estimate could be rigorously applied to estimate the
coefficients near the cosmic censorship bound in the (4,0) elliptic genus,
and it would be very interesting to do so.

In the above, we studied the leading contributions to the partition
function. In a few cases, one can go beyond this and determine the full
partition function by specifying the polar coefficients. Often, too many
polar coefficients are present to be able to determine all of them. However,
[111, 167] are able to determine them for a few cases with by = 1 by an
analysis of the bound states of D4-D0-branes and also of the chiral ring in
the CFT. An example of a manifold with by = 1 is the quintic, for several
quantities were given in Sec. 3.3. It was found that p(M, 32) = 7. The
polar and non-polar spectrum of this SCFT are shown in Fig. 3.1. To
calculate the number of constraints, Ag, A. and A, can be evaluated to
be %, —% and —%. Therefore, no constraints are present in this case and
one needs to specify seven polar coefficients. Then the full elliptic genus
is determined, which can be found in [111]. If p is increased to 2, d = 6
and the number of polar terms becomes 36. In this case, the ingredients
for the number of constraints are Ag = 1%, Ae =0and A, = —%. Thus,
one finds one constraint and 35 coefficients must be specified to determine
the full elliptic genus.

Ref. [167] determines the elliptic genus for some other cases where an
Mb5-brane wraps a hypersurface in a Calabi-Yau with by = 1. Interest-
ingly, for an Mb5-brane wrapping the hyperplane section of the bi-cubic
in CP? is reported that six basis elements suffice to determine the elliptic
genus, whereas the number of polar coefficients is seven. Indeed, one can
show that one constraint is present for this example. In agreement with
[167], no constraints are found in the other examples worked out there.

The next section studies generating functions of the Euler number
of instanton moduli spaces. In this case, the contribution of the triple
intersection number vanishes which results in viewer polar coefficients.
Therefore, modularity is more powerful in that situation.

5.3 Application to partition functions of N' = 4 Yang-Mills

In this final section of the chapter, we study the partition functions of
twisted supersymmetric N/ = 4 Yang-Mills on a four-manifold M with
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gauge group G. The gauge field F' appears in the Lagrangian as

1 6

?TrF A *F + 8?TYF NF, (5.42)
where ¢ is the gauge coupling constant. The 6-angle measures the instan-
ton number of a solution. The constants g and # naturally combine to
the complex parameter T = % + %. This supersymmetric field theory is
invariant under a strong-weak coupling duality known as S-duality [168],
except that its gauge group G is exchanged with the magnetic dual group
G [169]. S-duality extends to the action of the full modular group I' on
7, and manifests itself as modular covariance of the partition function of
the twisted theory [154]. Remarkably, the transformation properties of
the M5-brane elliptic genera closely resemble the transformation proper-
ties of partition functions of twisted N = 4 supersymmetric Yang-Mills
theory on a four-manifold M. Before we start a closer analysis of the par-
tition functions, we briefly review the field content and twisting of N' = 4
Yang-Mills.

The field content of N/ = 4 Yang-Mills consists of a gauge field 4,
six scalars ¢;, 4 = 1...6 and eight fermions dﬁl, @bdil, I =1,2. The
Lorentz group is SO(4) = SU(2)r ® SU(2)gr and the R-symmetry group
is SU(4). The gauge field, scalars and fermions transform under these
symmetries as (2,2,1), (1,1,6) and (2,1,4) @ (1,2,4). The R-symmetry
group can be decomposed as SU(4) = SU(2) ® SU(2) ® U(1). The
four dimensional representations transform under this decomposition as
4 =2, e (1,2)7 and 4 = (2,1)"! @ (1,2)!, where the superscript
denotes the U(1)-charge. The six-dimensional representation of SU(4)
decomposes as 6 = 474 = (2,2)°@(1,1)?®(1,1)~2. The supersymmetries
transform in the same way as the fermions. Table 5.1 summarizes the field
content.

Tab. 5.1: Fields and the way they transform under SO(4) x SU(4), i =1...6
and I = 1,2, the superscript indicates the U(1)-charge.

Field Representation

A# (2727 17 1)0

bi (1,1,2,2)°® (1,1,1,1)? @ (1,1,1,1) 2
5 (2,1,2,1)t & (2,1,1,2)!

U (1,2,2,1)' @ (1,2,1,2)*

Instead of SO(4), a different subgroup of SO(4) ® SU(4) can be cho-
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sen as Lorentz group. This procedure is called “twisting”, and is most
interesting if the new Lorentz group is chosen such it leaves some com-
ponents of the supersymmetry generators invariant. Restricting physical
states to lie in the cohomology of these invariant generators makes the
theory essentially topological. Three different twistings are possible for
N = 4 Yang-Mills [170], of which only the Vafa-Witten twist is relevant
here [154]. This twist replaces the SU(2)r of the Lorentz group with
the diagonal of SU(2)g and the two SU(2)’s of SU(4). The new SU(2)r
representation is the product of these three representations. This twist
commutes not only with the U(1) of the original SU(4), but in fact with
an SU(2) = F subgroup of SU(4), which exchanges the original two
SU(2)’s. For the SU(2),®SU(2) r® F representations of the gauge fields,
scalars and fermions, one finds respectively (2,2,1), (1,3,1)®(1,1,3) and
(2,2,2) @ (1,3,2) @ (1,1,2). Thus, indeed two components of the super-
symmetry generators are invariant under the new Lorentz group.

Ref. [154] shows that if certain conditions are satisfied, the partition
function of the topologically twisted theory is the generating function for
the Euler numbers of instanton moduli spaces. In addition is shown that
the partition functions are modular forms. For example, if the gauge
group is SU(N)/Zy, with different 't Hooft fluxes valued in Z/Zy, then
the partition is a vector-valued modular form with weight —y(M)/2. The
partition function of SU(N) is given by the one of Z/Zy with trivial 't
Hooft flux, multiplied by N~**" (with b® the first Betti number of M).
Interestingly, the transformation properties (3.78) are compatible with
those of the partition functions of the field theory. This suggests that
BPS-states of the gauge theory on M, can be calculated by considering
M5-branes wrapping 72 x M. For small T2, we would expect that the
partition function of the M5-branes is given by the gauge theory compact-
ifications. On the other hand, in the limit where the Kéahler class of the
T? is much larger than those of M, and M is embedded as a rigid divisor
in a Calabi-Yau, the conformal field theory analysis should be applicable.
Later in this section, we comment in some more detail on this duality.
Whether this is true or not, the resemblance shows that the SU(N)/Zy
partition functions can be combined into a single partition function by
adding U(1) degrees of freedom. This gives the partition function of the
theory with gauge group U(N), whose magnetic group is U(N) as well.

The space of constraints is more restrictive in this situation than for
the N' = (4,0) SCFT’s arising in the context of M-theory black holes.
This is caused by the reduced number of polar degeneracies now the con-
tribution to the central charge of the triple intersection number vanishes.
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As an illustration, we calculate the number of polar terms and obstruc-
tions for the U(N) theory on CP?. Since b*> = 1, the lattice A is one-
dimensional and the theta function is holomorphic in 7. Consequently,
h,(7) has weight —3. The second Chern class of CP? is 3J%, with J the
hyperplane class. The central charge cg from the SCFT reduces to the
combination x(CP?)N = 3N. The unitary factor (T) is then given by
e(T) = e(F+8) = e(). Note that the index formula cannot be used in
this situation, and that therefore ¢(T") # e(—%’iv ). The theta functions
Oy, are given by

@N,N(T,z)zze@;v <];+u+kN>2+ <];7+u+kN) (z+;)>,

From the transformation properties of Oy, follows that h,(7) transforms
as

s (T) =gt (3) 3 R

2
T :hy(tr+1)=e <—N + L <,u+ N) ) hy(T). (5.43)

The functions satisfy moreover Oy (7, —2) = (=)NO N _ (7, 2) and by, (1) =
h_,(7), such that h,(7) can be reduced to a vector of length § + 1 if N
is even and % if N is odd. The elements h,(7) are forms of I'(2V) for
N even and otherwise I'(8 V). The number of polar terms p(N) is given

p(N)zz#:w—<£+g—{2‘g+gJﬂ. (5.44)

One can straightforwardly determine the properties of the obstruction
forms g, (7). They have weight 3%, we denote their representation again
by M.

For large N, p(N) grows as N2 and the number of constraints as
45ng . Evaluation of Eq. (4.70) gives a closed expression for the dimension
of the space of forms which satisfy the required properties for h, (7). A
tedious part is the calculation of A.. One needs to determine the d x d
matrices M(S) and M(ST) from (5.43), and then their traces. If N is
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even, N = 2m, xm(9S) can be evaluated to

(S) = —12mi 1—6(?)4—26(;1)4-6(—;;)

_ e(%) m =0 mod 2,
= { 0 "1 (5.45)

where the quadratic sums in the first line are evaluated using the Gauss
sums D7 e ( ) [166]. Similarly, one finds

(%) m =0 mod 3,
M(ST) = (i) m=1 mod 3, (5.46)
m =2 mod 3,
Evaluating (5.43) gives then
. m
dim A3\ ( Z> (5.47)

6m2+13m+7 & 2 2
Z T P
24 =2 *im 2 " 4m

11 m=0 mod 2, 1 0 m=0 modS3,
m=2. mods 0 m=2 mod 3.

A similar formula can be derived for the case when N is odd. Table
5.2 presents the number of polar coefficients p(/N) and constraints on
the polar spectrum for N = 1...10. The table confirms earlier results for
N =1and N = 2, which are derived using the Weil conjectures [162, 171].
For N =1, the space of potential partition functions is one-dimensional,
therefore, ho(7) must be proportional to n(7)~3. This agrees with the
computation in Ref. [162].

About N = 2 is a lot more to say. The dimension of the modular
vector is now 2, and the table teaches us that it contains one polar term.
The multiplier system M(7y) is generated from

M- (CUD 0 s - ()

Interestingly, an obstruction cusp form does exist, and is given by

n(r)° ( z;gg > . (5.49)

_11> . (5.48)
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Tab. 5.2: For U(N) gauge theory on CP?, the number of polar coefficients p(IV)
and constraints on the polar spectrum dim .S, 1M are listed for N =

1...10.
N 1[2[3[4][5[6]7]8]9]10
p(N) 1[1[1]1 415 8

dimSy1  [O[TOJO[T[T[0]0[1] 2

Since this form does exist, a modular meromorphic partition function for
N = 2 does not exist. This is consistent with the known generating func-
tion for the Betti numbers of the compactified moduli space calculated
in [171]. This generating function can be specialized to a give the Euler
numbers of the moduli space. One finds for this generating function

h(r) = > culn)g" "z (5.50)
n=1

> nmso(dn —2m + 1)qm(m+2(n+1))+n+%
93(27')77(7')6 )

where ¢,(n) = x(M(c1,c2)) under the identification p = ¢; and n =
4eg — ¢ and M(cy, cg) is moduli space of rank two bundle over CP? with
Chern class ¢; and c¢o. Twisting of a vector bundle by a line bundle
E ® O(k) gives an isomorphism between M(cy, c2) and M(c1 + 2k, c2 +
kcy + k?). This is the gauge theory analogue of the spectral flow in the
N = (4,0) SCFT. The moduli spaces of bundles with equal discriminant
—n = ¢3 — 4cg and ¢; mod 2 are equal. Stable bundles have positive n.
The numbers in (5.50) are thus calculated for the case with non-trivial
't Hooft flux, or more mathematically said, non-trivial second Stiefel-
Whitney class. The Fourier coefficients of (5.50) capture interesting data,
since %ﬁl (7) TI72, (1 —¢%)C is the generating function of the class numbers

> H(4n —1)q". (5.51)
n=1
A class number H(n) is the number of equivalence classes of quadratic
forms
au? + Buv +yv? =0, (% —day = —n <0, (o, B,7) € Z. (5.52)

Those (a, 3,7) which are related by the transformation (;f) — 'y(:)‘),v el
are equivalent. H(0) = —& by definition. Quadratic forms which are
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multiples of u? + v? are counted by %, multiples of u? + uv + v? by %
The numbers H(n) are only non-zero for n = 0,1 mod 4. Class numbers
appeared earlier as the Euler numbers of the uncompactified moduli space
of rank two bundles over CP? [172].

The function i~11(7') is not a modular form, which we already deduced
from Table 5.2. However, it is close to a modular form. One can show
that it transforms together with ho(7) as

v = M)y (5.53)

36(—%)

227 n(7)0

This non-modular behavior can be understood by the observation that
the class numbers are Fourier coefficients of Eisenstein series with weight
3 [152, 153]. Such Eisenstein series are divergent and need to be reg-
ularized similarly to the discussion on divergent Poincaré series. The
regularization spoils the modular invariance. As in Sec. 5.1, this can be
cured by a non-holomorphic addition to h(7) [152, 153]. The holomorphic
anomaly reads in this case [154]
0 3 1

Ly (r7) = — 2 = By (27), 5.54
57" 7) 16mir2n(r)8 w(27) (5:54)

X [fzy(T) + D (T,v_l(—ioo),é?g_,,@ ))] )

where 03 ,(T) = >, czpn q" for pu = 0, 1; these are standard Jacobi theta
2

functions. If we include the U(1)-degrees of freedom (or ¢; dependence),
we obtain for the partition function of the U(2)-theory

Z(1,7,2) = ho(7,7)02(27,22) — h1(1,7T)03(27,22). (5.55)

Note that p is 0 when the second Stiefel-Whitney class wy of the SO(3)
bundle is trivial, and equal to 1 when wy is non-trivial.

Let us contrast these formulas with what would be expected from
the viewpoint of a sum over AdSs-geometries. To this end, consider
two Mb5-branes on a rigid divisor equal to CP? in a suitable Calabi-Yau
(e.g. the Calabi-Yau elliptic fibration over CP?). We might expect to
be able to construct the partition function — in the AdSs regime — from
a Poincaré series based on its principal part. A priori, this partition
function does not need to equal Z(7,7, z) since we might not be able to
rely on modular invariance and/or holomorphy. Therefore, we distinguish
the AdSs partition function and denote it by Z4(r,7, ). The comparison
reduces now to a comparison of the holomorphic part of h,(7,7), iLu(T),
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with the vector-valued modular form constructed by the Poincaré series.
We label the constructed vector-valued modular form by “A”: Eﬁ(T) The
principal part of fzﬁ(T) is equal to the principal part of iLM(T), if we assume
that the polar part is not renormalized as we continue to the AdS3 regime.
iLo(T) has a polar term equal to —%q_Z while le(T) does not contain a
polar term. Therefore, we attempt to construct with the Poincaré series
a modular form of weight —3/2, with multiplier system as in [154] and
the given polar term. This construction is bound to fail, since the space
of obstruction cusp forms is one-dimensional. The constructed function
transform as

WA y(n)_sr = M) (5.56)

X [ﬁf}(T) + 1p (7’, 7 H(—ic0),n8 B5_,, (2 ))} )

W

The factor % in front of the period function is a consequence of the coef-
ficient of the polar term.

A simple check whether the Poincaré series can reproduce the gauge
theory partition function is a comparison of the anomalies under mod-
ular transformations. Even without a detailed analysis, we can observe
qualitative differences between the shifts. An important difference is the
behavior for Im(7) — oo. In this limit the shift in Eq. (5.53) grows
exponentially whereas the period function in Eq. (5.56) vanishes. This
shows clearly that the holomorphic Poincaré series does not equal the
generating function of the Euler numbers of instanton moduli spaces. As
a consequence of the different modular anomalies, the associated holo-
morphic anomalies are different. The holomorphic anomaly given by Eq.
(5.54) is not annihilated by the Laplacian A. Another difference is that
for Im(7) — oo, the right hand side of Eq. (5.54) grows exponentially
(for 4 = 0). This raises the question to what extent the N’ = (4,0) SCFT
can calculate BPS quantities of the twisted theory. The results of this
section are clearly inconclusive.

For the cases N = 3 and N = 4, Table 5.2 shows that the partition
function exists and is unique up to an overall factor. One can show that
for N = 3, the h,(7) are given by

. ;93 0u, 3] () +03 @:;([)?J -+ die [{] o




5.3. Application to partition functions of N' = 4 Yang-Mills 125

where Oy, [Z] (7) is defined by

Onu m (1) = ée (% (aN 4 p+ EN)? + (aN + p+ kN) b) . (5.58)

The overall factor of % in (5.57) is such that the first coefficient of the ex-
pansion is one. For N = 4, h,,(7) can be written in the form f,(7)/n(7)*?,
where f,,(7) is a holomorphic vector-valued modular form. It would be
interesting to find out, whether the Fourier coefficients for N = 3 and
N = 4 capture any special information, as is the case for N = 2 where
they are class numbers. Naturally, an application of the described tech-
nique to AN = 4 Yang-Mills theory on other manifolds is likely to suggest
more partition functions, which are currently unknown.






6. DISCUSSION AND CONCLUSION

We have come to the final chapter of the thesis. The first part of the
chapter recapitulates shortly the discussions of previous chapter, after
which some suggestions for further research are given. In Chapter 2, the
concept of black hole entropy was explained. In particular, the special
class of black holes was discussed, which played a central role in this thesis.
These are the charged supersymmetric black holes of four-dimensional
N = 2 supergravity; with one constraint on the magnetic charge, namely
p® = 0. This condition needs to be imposed to account for its entropy by
an M-theory set-up as explained in [3]. An important ingredient for this
account is the counting of the degrees of freedom by a two-dimensional
superconformal field theory. This thesis concentrated on a special CFT
partition function, the elliptic genus, to learn about black hole entropy.
Three main motivations were given for this study:

- To explain microscopically the leading black hole entropy.

- To analyze to what extend the elliptic genus gives evidence for the
conjecture [5], which relates the black hole partition function Zppy
with the square of the topological string partition function | Zop|?.
This conjecture arose by the analysis of quantum corrections to
the supergravity entropy. It showed that the attractor mechanism
suggests nicely that the black hole partition function considers the
electric charges in a canonical ensemble and the magnetic charges
in a microcanonical ensemble.

- To find evidence for the AdS3/CFTs conjecture in the CFT parti-
tion function. Such evidence would be the discovery of a gravity
path integral in the CFT partition function. In AdSs, such a path
integral reduces to a discrete sum over geometries.

The subsequent chapters addressed these motivations. The answer to
the first motivation is due to [3] and reviewed in Chapter 3. The black
holes are described as a bound state of multiple M5-branes which wrap a
divisor P in a Calabi-Yau X times a circle 5’1{/{. The low energy degrees
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of freedom of the M5-brane can be reduced to two-dimensions, where
they combine to a N' = (4,0) SCFT. A generalized elliptic genus can be
defined for this SCF'T which enumerates the half-BPS states of the theory.
The symmetries of the theory determine that this function is similar to
a Jacobi form. Therefore, the elliptic genus can be decomposed into
a vector-valued modular form and theta functions. Using the modular
properties, the Cardy formula for the entropy can be derived, which agrees
with the supergravity entropy.

The third motivation could be addressed after the analysis of vector-
valued modular forms in Chapter 4. Inspired by Ref. [89], Chapter 5
explains that the elliptic genus can be written as a (regularized) Poincaré
series, which can be interpreted as a sum over geometries. The Poincaré
series are a sum over the coset I'oo\I'; and every term in the sum rep-
resents a semi-classical saddle point. This thesis improves the technique
of Poincaré series proposed in [89], such that the erroneous “Farey Tail
transform” has become obsolete. The main new ingredient is the regu-
larization. Generically, this leads to an anomaly, but that can often be
canceled by a proper choice of the polar degeneracies.

The sum over classical saddle points has also proven useful to elucidate
the connection between Zpy and |Zop|?, i.e. the second motivation. In
a given geometry, | Ziop|? arises as the partition function of M2- and anti-
M2-branes. It can be determined using a Schwinger calculation as in
[158, 159]. In the regime of strong topological string coupling constant A,
only a single saddle point contributes, and the elliptic genus confirms the
OSV conjecture. The opposite regime of small A, is more problematic for
the OSV conjecture, since then the entropy seems dominated by multi-
center black hole solutions. The microscopic entropy of these solutions is
also incorporated in the A = (4,0) SCFT, but Zgy ~ | Z0p|? is no longer
accurate.

Suggestions for future work

The results of this thesis suggest further research in various directions.
The rest of the chapter comments on AdSs-gravity, partition functions of
D4-D2-D0-branes and partition functions of A' = 4 gauge theory.

The Poincaré series are a suggestive connection between the (super-
symmetric) CFT partition function and gravity. Many issues are however
not fully understood. For example, why only these geometries appear in
the sum and the relation with Lorentzian space-times [173]. Also, the
appearance of a double sum over I',o\I' for bosonic AdSs-gravities. This
might suggest a fundamental role for “chiral” gravity which is under cur-
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rent investigation, see e.g. [88, 174, 175], but certainly still needs a better
understanding.

Another aspect which deserves certainly more study is the relation be-
tween Zcpr and Zgy. This thesis required the restriction that the black
hole solution contains only a single AdS3 throat. Solutions with multi-
ple AdSs3 throats [66] do exist however. The existence of these solutions
does depend on the moduli at infinity. This translates into discontinuous
changes of the degeneracies as a function of the moduli [37, 36]. It would
be interesting to understand the precise relation between Zcpr (fattractor)
and the general Zpp(fs). Does the wall-crossing correspond to jumping
of hy,(7) within the relevant space of vector-valued modular forms? Can
the CFT capture all wall-crossing phenomena? A clue to these puzzles
might be provided by a derivation of Zcpr from more fundamental prin-
ciples, as can be done for BPS states of A/ = 4 and N’ = 8 supergravity
[44, 176]. Also, the interpretation of attractor flow as renormalization
group flow [177] might provide insights into these problems.

As a last suggestion, I would like to advocate the described techniques
to determine the space of vector-valued modular forms. Such modular
forms appear at many places in physics, for example rational conformal
field theories and twisted N/ = 4 Yang-Mills theories. The techniques
proof very useful, if one wants to determine the full partition function on
the basis of only a small number of coefficients. An application of this to
Yang-Mills theory might lead to interesting results for the Euler numbers
of instanton moduli spaces of higher rank gauge groups.
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SUMMARY

Partition Functions for Supersymmetric Black Holes

This thesis presents a number of results on partition functions for four-
dimensional supersymmetric black holes. These partition functions are
important tools to explain the entropy of black holes from a microscopic
point of view. Such a microscopic explanation was desired after the asso-
ciation of a macroscopic entropy to black holes in the 70’s, based on the
analogies between black hole physics and thermodynamics. The correct
microscopic account of black hole entropy was achieved in string theory
and M-theory during the 90’s, and a crucial role is played by D-branes
and M-branes.

The black holes, which are studied in this thesis, are supersymmet-
ric solutions of four-dimensional N' = 2 supergravity, which carry both
electric and magnetic charges. An important feature of the global geom-
etry is the the near-horizon geometry, which is AdSy x S? and where the
Kahler moduli are fixed at their attractor values. The horizon area of this
class of black holes is given by Sy = 7|Z|> = 74/ %p:"(q() + %q2), where
p® and (qg, qq) are respectively the electric and magnetic charges, and Z
is the central charge. The combination ¢z = ¢5 + %q2 is required to be
positive for black holes. The first motivation to introduce a black hole
partition function Zgy, is to explain Sgp microscopically. An analysis of
the attractor equations suggest that Zgpy is naturally expanded in ¢z and
Ga, while the p® are kept fixed. In other more physical words, the electric
charges are in a macrocanonical ensemble and the magnetic charges in a
microcanonical ensemble.

If higher derivative contributions are included in the supergravity ac-
tion, the entropy receives corrections. The form of these corrections sug-
gests that Zpp is well approximated by the square of the topological
string partition function ‘Ztop’2- Topological string theory is a simplified
version of string theory, which allows the computation of many quantities
using elaborate mathematical techniques, for example Z,}, basically enu-
merates the holomorphic maps of a Riemann surface into a Calabi-Yau
threefold. The conjecture that Zgy = \Ztoplz, is the second motivation



146 Summary

for this thesis.

The third motivation is the correspondence between a theory including
gravity in Anti-de Sitter (AdS) space and a conformal field theory (CFT)
on the boundary of the AdS-space. Part of the near-horizon geometry of
the black holes in the eleven dimensions is AdS3, whose boundary is a two-
dimensional torus. The correspondence suggests that the CFT, partition
function equals the one of the theory in the bulk of AdSs. Therefore,
the CF'Ty partition function should admit an expansion which is natural
for an AdSs-(super)gravity partition function. Dijkgraaf et al. proposed
in 2000 that an SCFT partition function can be rewritten as a Poincaré
series, which is a sum over the coset I'no\I'. Every element in the coset
corresponds to a semi-classical saddle point geometry, providing therefore
evidence for the AdS/CFT correspondence. Chapter 2 explains these
notions rather heuristically in a bosonic setting, subsequent chapters are
more precise.

Chapter 3 explains how the black holes arise as a solution of 11-
dimensional M-theory, and how this can account for the entropy micro-
scopically. Four-dimensional supergravity appears in this context as the
reduction of M-theory on a six-dimensional Calabi-Yau X times a circle
Sﬁ/[. The heavy objects, which source the black holes, are M5-branes.
These correspond to the magnetic charges whereas the electric charges
are generated by fluxes on the worldvolume of the M5-brane and momen-
tum around 51%/[- The six-dimensional M5-branes wrap a four-dimensional
divisor P of X together with S3; and the Euclidean time circle S{. The
parameters of the theory can be chosen such that the low energy approxi-
mation to M-theory is valid. The M5-brane low energy degrees of freedom
can be reduced to the T2, which is formed by the two circles. There, the
degrees of freedom combine to an N/ = (4,0) superconformal field theory.
The central charges of the holomorphic and anti-holomorphic sector can
be determined using index formulas. The relevant partition function for
this SCFT is a (modified) elliptic genus. The symmetries of the theory
determine that the elliptic genus transforms covariantly under modular
transformations, which makes it possible to derive the Cardy formula for
the entropy. This gives the correct leading behavior of the entropy. For
a specific identification of the parameters, the CFT partition function is
equal to the (divergent) black hole partition function.

An important property of the elliptic genera is the decomposition into
theta functions and a vector-valued modular form. The principal part of
the Laurent expansion of the vector-valued modular form gives rise to the
definition of the “polar spectrum” of the SCFT. Chapter 4 is devoted to
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an analysis of meromorphic vector-valued modular forms. It is shown how
the Fourier coefficients can be expressed as an infinite sum over the coset
I\, If the polar degeneracies are known, the non-polar degeneracies
can be determined with an arbitrary accuracy, improving on the leading
order estimate by the Cardy formula. In addition is shown how the
vector-valued modular form can be written as a sum over I'so\I". The
sum is a regularized Poincaré series, and an improvement of the proposal
by Dijkgraaf et al.. The regularization leads in general to an anomaly,
which is canceled if the polar degeneracies satisfy a number of constraints.
This number can be determined using the Selberg trace formula. The
dimension of the space of vector-valued modular forms is simply given by
the number of polar terms minus the number of constraints.

With the results of Chapter 4, Chapter 5 revisits the motivations
of Chapter 2. The regularized Poincaré series confirms the AdSs;/CFTy
correspondence, since the sum over ', \I' is suggestive of a semi-classical
sum over AdSs-geometries. If the complex structure 7 is varied, the most
contributing geometry to Zgg might jump, which is a nice manifestation
of Hawking-Page phase transitions. The Poincaré series are essentially a
sum over ', \I" of the polar spectrum, which lies classically below the
cosmic censorship bound. Therefore, one can view the series heuristically
as a sum over all geometries (including black holes) of the states which
do not collapse into a black hole.

This is also how the connection between black holes and topological
strings can be understood. The degeneracies of charged BPS-particles
(M2-branes) in the near-horizon geometry are enumerated by |Ziop|?.
Therefore, |Zt0p]2 appears for every saddle point geometry in Zgyg. The
conjecture is now elucidated for strong topological string coupling con-
stant (gg > p?), since then a single AdSs-geometry dominates the parti-
tion function. Also the case of weak topological string couple is discussed.
It is shown that for this part of the spectrum, the elliptic genus con-
firms the leading behavior of two-centered solutions. The approximation
ZBH ~ |Ztop|2 is however no longer valid.

The constraints on the polar degeneracies by modularity are strongest
if the number of polar terms is small. This is generically not the case for
the black hole and AdSs applications, which are discussed before. The
vector-valued modular forms appear however at many places in theo-
retical physics, for example rational conformal field theory and N = 4
supersymmetric gauge theory on a four-manifolds M. The partition func-
tions of such gauge theories with gauge group U(N) are closely related to
Mb5-brane elliptic genera. If certain conditions are satisfied, the partition
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function of this theory is the generating function of the Euler character-
istic of instanton moduli spaces. Section 5.3 performs an analysis of the
partition functions of the U(N) theories on CP?. This confirms the older
results in the literature for N = 1 and 2. A new generating function is
proposed for the Euler numbers of SU(3) moduli spaces.



SAMENVATTING

Partitiefuncties voor supersymmetrische zwarte gaten

Dit proefschrift presenteert een aantal resultaten voor partitiefuncties van
vierdimensionale zwarte gaten. Deze partitiefuncties zijn belangrijke in-
strumenten om de entropie van zwarte gaten verklaren op een micro-
scopisch niveau. Zo een microscopische verklaring was gewenst nadat
een macroscopische entropie was toegekend aand zwarte gaten in de 70’er
jaren, gebaseerd op de analogie tussen de fysica van zwarte gaten en ther-
modynamica. De correcte microscopische verklaring van de entropie van
zwarte gaten is bereikt in snaartheorie en M-theorie in de 90’er jaren, en
een cruciale rol wordt gespeeld door D-branen en M-branen.

De zwarte gaten, die bestudeerd worden in dit proefschrift, zijn super-
symmetrische oplossingen van vierdimensionale N' = 2 supergravitatie,
die zowel elektrische als magnetische ladingen bevatten. Een belangrijk
kenmerk van zo’n oplossing is dat de meetkunde in de nabijheid van de
horizon wordt beschreven door de meetkunde van de productruimte van
een tweedimensionale Anti-de Sitter ruimte AdSs en een tweedimension-
ale bol §2. De Kihler moduli zijn daar bovendien bepaald door hun zgn.
aantrekkingswaarden. Het horizonoppervlak van deze klasse zwarte gaten
wordt gegeven door Sy = 7| Z|? = 14/ %p3(q5 + %qQ), waar p® en (qg, ¢a)
respectievelijk de elektrische en magnetische ladingen zijn, en Z de cen-
trale lading is. De combinatie ¢5 = g5+ %qQ moet positief zijn voor zwarte
gaten. De eerste motivatie om een partitiefunctie voor zwarte gaten Zpp
te introduceren, is om Spy microscopisch te verklaren. Een analyse van
de aantrekkingsvergelijkingen suggereert dat Zgyg op een natuurlijke wij-
ze wordt geéxpandeerd in qg en qq, terwijl de p® constant blijven. Of in
andere woorden, de elektrische ladingen bevinden zich in een canoniek
ensemble en de magnetische ladingen in een microcanoniek ensemble.

Wanneer hogere afgeleide bijdragen worden toegevoegd aan de super-
gravitatie-actie, ontvangt de entropie correcties. De vorm van deze cor-
recties suggereert dat Zgy goed wordt benaderd door het kwadraat van
de partitiefunctie van topologische snaartheorie |Zi,,|*. Topologische
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snaartheorie is een gesimplificeerde versie van snaartheorie, waarin de
berekening van veel grootheden mogelijk is door gebruik te maken van
verregaande wiskundige technieken, bijvoorbeeld Zi,, somt de holomorfe
afbeeldingen van een Riemann oppervlak naar een Calabi-Yau drievoud
op. Het vermoeden dat Zgg = ]ZtopP, is de tweede motivatie voor dit
proefschrift.

De derde motivatie is de overeenkomst tussen een theorie, welke grav-
itatie bevat in een Anti-de Sitter (AdS) ruimte en een conforme velden-
theorie (CVT) op de rand van de AdS-ruimte. Een gedeelte van de
meetkunde in de nabijheid van de horizon van zwarte gaten in elf dimen-
sies is AdSs, welke een tweedimensionale rand heeft. De overeenkomst
suggereert dat de CVTy partitiefunctie gelijk is aan die van de theorie
in het merendeel van AdS3. Daarom moet de CVT partitiefunctie een
expansie toelaten die natuurlijk is voor een partitiefunctie van AdSs-
(super)gravitatie. Dijkgraaf et al. stelde in 2000 voor dat een SCVT
partitiefunctie kan worden herschreven als een Poincaré reeks, welke een
som over de nevenklasse I'oo\I' is. Elk element in de nevenklasse komt
overeen met een semi-klassieke zadelpuntsruimte, en verschaft daarom een
bevestiging van de AdS/CVT overeenkomst. Hoofdstuk 2 legt deze be-
grippen enigszins heuristisch uit in een bosonische omgeving, de volgende
hoofdstukken zijn preciezer.

Hoofdstuk 3 legt uit hoe de zwarte gaten tevoorschijn komen als een
oplossing van elfdimensionale M-theorie, en hoe dit de entropie micro-
scopisch kan verklaren. Vierdimensionale supergravitatie verschijnt in
deze context als de reductie van M-theorie op een zesdimensionale Calabi-
Yau X keer een cirkel Sﬁ/{. De zware objecten, die de zwarte gaten voe-
den, zijn de Mb5-branen. Deze komen overeen met de magnetische ladin-
gen terwijl de elektrische ladingen gegenereert worden door fluxen op het
wereldvolume van de M5-braan en impuls rond 51{/[- De zesdimensionale
Mb5-branen omwikkelen een vierdimensionale divisor P van X samen met
5’1%/[ en de Euclidische tijdscirkel S{. De parameters van de theorie kunnen
zodanig worden gekozen dat de lage energie benadering voor M-theorie
toegestaan is. De lage energie vrijheidsgraden van de M5-braan kunnen
worden gereduceerd naar de torus 72, die gevormd wordt door de twee
cirkels. Daar combineren de vrijheidsgraden tot een N’ = (4,0) super-
conforme veldentheorie. De centrale ladingen van de holomorfe en anti-
holomorfe sector kunnen worden bepaald met behulp van indexformules.
De relevante partitiefunctie voor deze SCVT is een (gemodificeerde) el-
liptische genus. De symmetrieén van de theorie bepalen dat de elliptische
genus covariant transformeert onder modulaire transformaties, wat het
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mogelijk maakt om de Cardy formule voor de entropie af te leiden. Dit
geeft het juiste leidende gedrag voor de entropie. Voor een specifieke
identificatie van parameters is de CVT partitiefunctie gelijk aan de (di-
vergente) zwarte gat partitiefunctie.

Een belangrijke eigenschap van de elliptische genera is de decompositie
in thetafuncties en een vectorwaardige modulaire vorm. Het hoofdgedeelte
van de Laurentontwikkeling van de vectorwaardige modulaire vorm geeft
aanleiding tot de definitie van het “polaire spectrum” van de SCVT.
Hoofdstuk 4 is gewijd aan de analyse van meromorfe vectorwaardige mo-
dulaire vormen. Er wordt getoond hoe de Fourier coéfficiénten uitge-
drukt kunnen worden als een oneindige som over de nevenklasse I'oo\I'.
Wanneer de polaire degeneraties bekend zijn, kunnen de niet-polaire de-
generaties bepaald worden met een willekeurige nauwkeurigheid, wat een
verbetering is ten opzichte van de afschatting voor de leidende orde door
de Cardy formule. Aanvullend is laten zien hoe de vectorwaardige mo-
dulaire vorm geschreven kan worden als een som over I'o,o\I'. De som is
een gereguleerde Poincaré reeks, en een verbetering van het voorstel door
Dijkgraaf et al.. De regularisatie leidt in het algemeen tot een anomalie,
die teniet gedaan wordt wanneer de polaire degeneraties aan een aantal
eisen voldoen. Dit aantal kan worden bepaald met behulp van de Selberg
spoorformule. De dimensie van de ruimte van vectorwaardige modulaire
vormen wordt simpelweg gegeven door het aantal polaire termen min het
aantal eisen.

Met de resultaten van Hoofdstuk 4, gaat Hoofdstuk 5 terug naar de
motivaties in Hoofdstuk 2. De geregulariseerde Poincaré reeks bevestigt
de AdS3/CVTy overeenkomst, omdat de som over I';o\I' suggestief is
voor een semi-klassieke som over AdSs-geometrieén. Wanneer de com-
plexe structuur 7 gevarieerd wordt, kan de meest bijdragende meetkunde
aan Zgpg verspringen, wat Hawking-Page fasetransformaties op een mooie
manier tot uiting brengt. De Poincaré reeks is in essentie een som over
I'so\I' van het polaire spectrum, welke onder de kosmische censuur grens
ligt. Daarom kan men de reeks heuristisch zien als een som over alle
meetkundes (inclusief de zwarte gaten) van de toestanden die niet in-
storten tot een zwart gat.

Dit is tevens hoe de verbinding tussen zwarte gaten en topologische
snaren begrepen kan worden. De degeneraties van geladen BPS-deeltjes
(M2-branen) in de nabijheid van de horizon zijn opgesomd in |Zp|2.
Daarom verschijnt | Zop|? voor elke zadelpuntsruimte in Zgg. Het ver-
moeden is nu verhelderd voor sterke topologische snaar koppelingscon-
stante (gg > p®), omdat dan een enkele AdSs-meetkunde de partitiefunc-
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tie domineert. Ook de situatie van een zwakke topologische snaar koppel-
ingsconstante is besproken. Er wordt laten zien dat voor dit gedeelte van
het spectrum, de elliptische genus het leidende gedrag van oplossingen
met twee middelpunten bevestigt. De benadering Zgy ~ |Zt0p\2 is echter
niet langer accuraat.

De eisen aan de polaire degeneraties door modulariteit zijn het sterkst
wanneer het aantal polaire termen klein is. Dit is in het algemeen niet
het geval voor de toepassingen voor zwarte gaten en AdS3/CVTs, die
eerder besproken zijn. De vectorwaardige modulaire vormen verschijnen
echter op veel plekken in de theoretische natuurkunde, bijvoorbeeld ratio-
nale conforme veldentheorie en N/ = 4 supersymmetrische ijktheorie op
een vierdimensionale variéteit M. De partitiefuncties van zulke ijkthe-
orieén met ijkgroep U(N) zijn nauw verwant met elliptische genera van
Mb5-branen. Wanneer aan enige condities voldaan is, is de partitiefunc-
tie van deze theorie de genererende functie van de Euler karakteristiek
van instanton moduliruimtes. Paragraaf 5.3 voert een analyse uit van
de partitiefuncties van U(N) theorieii op CP2. Dit bevestigt de oudere
resultaten in de literatuur voor N = 1 en N = 2. Een nieuwe genererende
functie is voorgesteld voor de Euler getallen van SU(3) moduliruimtes.
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