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Abstract

Finding a quantum theory of gravity and unifying our description of the fundamental forces
in the universe has been a long-standing goal of the physics community for the last several
decades. Black holes provide a setting where both gravitational and quantum effects are im-
portant, and as such they are valuable in probing how such a theory of quantum gravity must
behave; any quantum description of a black hole should be consistent with its macroscopic
(low-energy) description in general relativity.

The only known examples where the microscopic details of a black hole are understood
come from string theory and are heavily reliant on supersymmetry. Little is known about how
to extend these descriptions to more realistic, non-supersymmetric settings. In this thesis,
we make progress on this front by undergoing a careful exploration of non-supersymmetric
black holes in theories of supergravity. In particular, we show how generic Kerr-Newman
black holes, when interpreted as solutions to N/ = 2 supergravity, exhibit a surprising amount
of universality in their behavior that points to a great deal of simplicity in their underlying
quantum description.

In the first part of this thesis, we embed arbitrary Kerr-Newman black holes into N = 2
supergravity. We then study the quantum fluctuations around these backgrounds and com-
pute their contributions to the black hole entropy. We find that these quantum corrections
are protected by a topological quantity and are thus invariant under arbitrary deformations
of the black hole away from the BPS limit. The logarithmic corrections to the Bekenstein-
Hawking entropy are thus universal and independent of black hole parameters for these black
holes.

In the second part of this thesis, we study minimal supergravity with higher derivative
corrections and show that Kerr-Newman black holes can be consistently embedded into such
theories with no modifications required to the geometry. Moreover, we show that these black
holes are continuously connected to a BPS geometry. We also find that the entropy of these
black holes is a topological invariant and thus insensitive to whether or not the black hole is
a BPS state.

In the final part of this thesis, we explore the symmetries of off-shell N' = 2 supergravity

viii



and the corresponding constraints these symmetries impose on the theory. In particular,
we show that the topological nature of our results follows directly from symplectic duality
and supersymmetry. Moreover, these constraints persist even for black hole solutions that
break the supersymmetry of the theory. These results establish a previously-unknown level

of structure in the underlying microscopic description of these black holes.
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Chapter 1
Introduction

One of the longest-standing goals in modern physics is to discover a consistent theory of
quantum gravity that can reconcile our current understanding of both gravity and quantum
mechanics. There have been steps taken towards solving this puzzle, but these results are
heavily rooted in string theory and require a great deal of supersymmetry. In most cases,
it is not known how to generalize these results to more realistic cases, particularly those
without supersymmetry.

The goal of this thesis is to shed light on these issues and investigate the role of su-
persymmetry in constraining the dynamics of black holes. In particular, we detail how
non-supersymmetric black holes can be embedded into supergravity theories. We then go
on to show how many features of these black holes are universal, in the sense that they do
not require the black hole to preserve the supersymmetry of the theory. This gives surpri-
sing (and previously unknown) insights into general features of quantum gravity without
supersymmetry.

In this chapter, we will first give a brief, non-technical overview of our modern under-
standing of black holes and their underlying microscopic theories. We will then use this to
motivate the research presented in the later chapters of this thesis. We end with an overview

of the thesis and a summary of our key results.

1.1 Black Holes

Black holes form when very massive astrophysical objects collapse inward at the end of
their life cycle. If the matter collapses far enough inward such that it is all within the
Schwarzschild radius of the object, a black hole forms. The gravitational field within the
Schwarzschild radius is so strong that it warps the spacetime inside such that all particles

are forced to travel further and further into the black hole, with no escape back outside the



horizon possible.

Throughout this thesis, we will consider four-dimensional, asymptotically flat black holes.
In general relativity, such black holes are constrained by the no-hair theorem [1], which says
that they are completely characterized by their mass, their angular momentum, and their
charges (either electric or magnetic). Any two black holes that have the same set of these
parameters are indistinguishable to an outside observer, irrespective of how the black hole
was formed. Heuristically, this would seem to imply that black holes have precisely one
configuration for any set of black hole parameters and thus have vanishing entropy.

This interpretation is somewhat puzzling, though, because the laws of thermodynamics
tell us that the total entropy of a closed system can never decrease. Therefore, if we throw
an object with entropy into a black hole, we would expect the entropy of the black hole to

increase, despite our previous intuition from the no-hair theorem.

1.1.1 Black Hole Thermodynamics

It would be inaccurate to refer to the puzzles presented above on the entropic nature of black
holes as true paradoxes, but they nonetheless motivated further study on the thermodynamic
nature of black holes in the 70’s. This led to the development of the four laws of black
hole mechanics [2], which established a startling similarity between black hole physics and
thermodynamics. In particular, it was shown that the area of the black hole horizon cannot
decrease as it evolves, in direct parallel to the notion that the thermodynamic entropy of
a closed system cannot decrease. As a consequence, it was speculated that the area of the
black hole horizon must somehow encode the entropy of the black hole [3].

This notion was made precise by Hawking in his seminal work [4]. He showed that by
considering quantum fields propagating on a classical black hole background, you are forced
to conclude that black holes are thermodynamic black bodies that radiate with a temperature

(known as the Hawking temperature) given by

_h/-a

=5

T (1.1)

where k is the surface gravity of the black hole. Quantum effects therefore lead to thermal
emission from black holes, known as Hawking radiation. Moreover, combining the Hawking
temperature with the area law theorem for black holes then unambiguously identifies that

black holes have an entropy
S=——71:, (1.2)



where A is the area of the black hole horizon.

This is the famous Bekenstein-Hawking
entropy. These results are intriguing, because they demonstrate a deep connection between
gravitational physics and quantum mechanics that is still being probed today.

Importantly, the thermodynamic nature of black holes is purely a quantum effect. In the
classical limit where we send A — 0, the black hole temperature vanishes and it ceases to
emit radiation. It is only when we consider both general relativity and quantum mechanics

simultaneously that black holes become thermal black bodies.

1.1.2 The Information Paradox

The upshot of the above discussion of black hole thermodynamics is that black holes give off
thermal radiation. As the black hole radiates over time, it loses energy and correspondingly
must shed off some of its mass. Eventually, the black hole will evaporate entirely, leaving
nothing but a dilute gas of thermal particles.

This cannot be the full story, however, because it leads to the so-called information
paradox. Suppose we take a black hole, throw an object into the black hole, and then let
the black hole evaporate. We are left with thermal radiation that is characterized entirely
by the temperature of radiation. This thermal radiation no longer contains information
about the details of the object we threw into the black hole, and so the process of black hole
evaporation destroys information. This leads to a violation of unitarity, meaning that we
have a system in which probabilities are no longer conserved.

This consequence would be disastrous for our understanding of physics, and so something
must be wrong with this picture. There are many different conjectured resolutions to the
information paradox, but most agree that the problem comes from Hawking’s semi-classical
treatment of the black hole, where the black hole is considered to be a fixed background. This
treatment is approximately valid for large black holes with a very small temperature, but not
when extrapolated over arbitrarily long periods of time. At some point in the evaporation of
the black hole, new physics must come in to explain how the time evolution of the black hole
is unitary. This points to our current understanding of gravity as being an effective theory,
one that is only valid up to certain energy scales. Beyond those, new dynamics have to come
into play. The black hole information paradox (and its related avatars) therefore indicate
that we should seek out a “quantum” theory of gravity, one that is valid up to arbitrarily
high energies. Such a theory would have to be able to explain the microscopic dynamics of

black holes and resolve all of these paradoxes.

'In this section, we are using a set of units where the Boltzmann constant k and the speed of light ¢ are
both set to one. In all proceeding sections, we will also set & to one for simplicity. It is useful to retain A
here in order to take the classical limit.



1.1.3 A Statistical Interpretation of Black Hole Entropy

Another indication that black holes should have microscopic dynamics comes from conside-
ring the implications of black hole entropy. In ordinary thermodynamic systems, the entropy
is a measure of the internal degrees of freedom of the system. That is, given a set of fixed
macroscopic charges, there is an associated degeneracy {2 of microscopic states with those

charges. The entropy of system is related to this degeneracy by
S =log(). (1.3)

If we extend this reasoning to black holes, it seems plausible that the Bekenstein-Hawking
law should have a microscopic interpretation that counts the number of microscopic states
accessible to the black hole.

A difficulty in this statistical interpretation is that various no-hair and uniqueness theo-
rems tell us that there is a unique black hole geometry that corresponds to any set of fixed
macroscopic charges. In this context, a black hole appears to have only one internal confi-
guration, and so we would expect the statistical entropy to vanish. We therefore need to go
beyond general relativity in order to test if there really is a statistical underpinning of the

Bekenstein-Hawking law.

1.1.4 Microstate Counting in String Theory

One such example of a possible theory of quantum gravity is string theory. At its core, string
theory posits that the fundamental degrees of freedom in the universe are one-dimensional
strings instead of point-like particles. We will not go into the details in this thesis, but deman-
ding consistency of interactions between these strings leads to an incredibly rich structure in
the theory. The important point for us, though, is that string theory automatically gives rise
to a gravitational force, with no additional input necessary. Moreover, string theory is an
ultraviolet complete theory, which means that it suffers from no inconsistencies at arbitrarily
high energies.

String theory led to the first explicit example of a microscopic realization of the Bekenstein-
Hawking entropy by Strominger and Vafa in [5]. They studied a particular class of five-
dimensional Reissner-Nordstrém black holes (e.g. non-rotating black holes with electric and
magnetic charges) that have an explicit realization in string theory. They used this to com-
pute the degeneracy of the string microstates strictly in terms of the charges of the black
hole. In the limit where these charges all become large, they found that this microscopic de-

generacy precisely matched the Bekenstein-Hawking entropy. This paved the way for many



more black hole microstate counting formulae in string theory [6-11], all of which served to

further confirm that microscopic realizations of black hole entropy are possible.

1.2 Microscopic and Macroscopic Black Holes

The explicit examples of microstate counting above indicate that, for any putative theory
of quantum gravity, we should be able understand black holes in the theory from either a
macroscopic or microscopic perspective. The macroscopic approach (also known as the semi-
classical approach) is where you start with some low-energy effective field theory of gravity,
possibly coupled to additional matter content. The black hole background is a classical
solution to the theory, which you can then quantize by studying quantum fluctuations of
the fields in the theory around this background. This approach is only valid for small field
fluctuations, and all physical observables are computed perturbatively in a series expansion
of these small fluctuations. The microscopic approach, on the other hand, should be a theory
of quantum gravity that is valid for arbitrarily large energy scales.

These two different pictures should be compatible with one another, in the sense that
they give consistent results for any physical quantities that can be measured at low energies.
In particular, we should be able to compute the entropy of the black hole from either the
macroscopic or microscopic perspectives and get the same result. And, indeed, this matching
has been accomplished in a wide range of examples.

We can go beyond the usual Bekenstein-Hawking formula, though. In the limit where
the black hole charges are large and all scale with the size of the black hole, the most general

form of the entropy can be expressed as a series expansion in the black hole area as

S A+o¢log(é)+ﬁ+..., (1.4)

T AG G

for some numerical coefficients «, 3, etc. The first term is the now-familiar Bekenstein-
Hawking entropy, and is the dominant piece for large black holes. The other terms arise from
quantum gravity effects that are sub-leading in this large-charge limit. These corrections have
been studied for a number of different supersymmetric black holes in string theory, both on
the macroscopic and microscopic sides, and matching has been established for all cases that
have microscopic results to compare to [12-15].

The advantage of studying corrections to the Bekenstein-Hawking entropy on the ma-
croscopic side is that the leading order corrections arise from low-energy, infrared physics.
These corrections can therefore be computed in an effective field theory without having to

know the details of the full ultraviolet completion of the theory. We can view these ma-



croscopic computations as a “laboratory”, in some sense, for testing ideas about quantum
gravity. Demanding that the microscopic counting results match the macroscopic results

puts stringent constraints on any proposed theory of quantum gravity.

1.2.1 Beyond the BPS Limit

A crucial detail that we have not yet discussed is the role of supersymmetry in understanding
black hole microscopics. Most examples in string theory where explicit black hole microstate
counting can be done require that the black hole is a BPS black hole, meaning that the
black hole is extremal (zero-temperature) and preserves some of the supersymmetry of the
theory. Extremality ensures that the black hole is not radiating and hence does not evaporate
over time, while supersymmetry dictates that the result for the microstate degeneracy is
independent of the string coupling constant.

This last condition is an absolutely crucial component for the microstate counting results
mentioned in section 1.1.4. These computations are done in the weak coupling regime,
where gravitational interactions become small and the dynamics of string theory become
tractable. However, the microstate picture at weak coupling corresponds to a system with
a very large curvature near the horizon. Our semi-classical understanding of black holes is
only valid in the strong coupling regime, where the black hole is large and hence has a very
small curvature near the horizon. At face value, then, it seems like the microscopic and
macroscopic computations correspond to very different systems. However, supersymmetry
ensures that the microscopic result can be extrapolated to arbitrarily strong coupling, and
thus a match is established.

This begs the question: is there hope to understand the microscopic dynamics of non-
BPS black holes? Generic black holes do not satisfy the BPS conditions, but they still have
a Bekenstein-Hawking entropy that points towards a microscopic interpretation. One hint
that non-BPS black holes may in fact have tractable microscopic theories is that black hole
microstate counting can also be done for certain classes of black holes that are deformed very
slightly away from the BPS limit [16]. There are also arguments (though not full proofs)
that certain sectors of string theory allow for black holes where the microstate degeneracy is
independent of whether or not the black hole preserves supersymmetry [17-19]. Developing
a microscopic description of non-supersymmetric black holes would be a huge breakthrough
in our understanding of quantum gravity, and so it is worthwhile to develop macroscopic

results in an effort to provide a target for future progress on this issue.



1.3 Challenges for Non-Supersymmetric Black Holes

The central goal of this thesis is to address whether or not we can learn about general fea-
tures that microscopic theories of non-supersymmetric black holes must have. Specifically,
we will consider black holes in four-dimensional Einstein-Maxwell theory, where electromag-
netism is minimally coupled to gravity. The only stationary black hole solutions in this
theory are Kerr-Newman black holes, parameterized by a mass M, an electric charge @),
and angular momentum J. In this thesis, we will show that when these black holes are
interpreted as solutions to supergravity theories, the corresponding subleading corrections
to the Bekenstein-Hawking law are universal and insensitive to whether or not the black hole
preserves any supersymimetry.

When going beyond the semi-classical analysis of Hawking for these black holes, there
are two classes of corrections we can consider: quantum corrections and higher-derivative
corrections. We will detail the obstacles present when studying both classes of corrections

in the next two sections.

1.3.1 Quantum Corrections

The logarithmic corrections to the Bekenstein-Hawking entropy in (1.4) arise from the
leading-order backreaction of the massless fields in the theory on the black hole back-
ground [14,15,20-23]. In general, they take the form

AS = f(M,Q,J)log A . (1.5)

The coefficient f in this equation can in principle be a function of all the black hole para-
meters.

As a concrete example, let’s consider a free scalar field propagating on a Kerr-Newman
black hole background. We will save the gory details for later, but the backreaction of this
scalar field on the black hole background can be understood quantitatively using the heat
kernel formalism developed in chapter 2. The net effect is that the leading-order correction

to the Bekenstein-Hawking entropy from this scalar field is

1 BMPQ3ri M* + 213 M J? 4 4J%)

AS = |—
I 1920773, J4(r3, M? + J?) (1.6)
— BMQ*(ru M* — J*) tan " J log A |
64071k T raM ) |

where ry is the radius of the black hole horizon and f is the inverse temperature of the



black hole. This is a messy expression, despite the fact that a free scalar field is the simplest
possible field to analyze the dynamics of on our black hole background. Moreover, deriving
such an expression from a microscopic perspective would a priori be incredibly difficult, as
the result is incredibly sensitive to the precise choice of macroscopic black hole charges.

A way out of this difficulty is to restrict ourselves to the special case of an extremal
Reissner-Norstrom black hole, in which the black hole has no angular momentum and the
mass and charge are equal. The logarithmic correction to the black hole entropy due to the

scalar field collapses almost entirely in this limit, leaving us with

1
AS=——1ogA. 1.7
150 108 (1.7)
The simplicity of this result is no accident. The extremal Reissner-Nordstrom black hole is
also a black hole solution in compactifications of type II string theory. Moreover, it is a BPS
solution in these compactifications, and so prior studies of quantum fluctuations tell us that

the logarithmic correction should be topological and independent of the string coupling.

1.3.2 Higher-Derivative Corrections

As we mentioned earlier, Kerr-Newman black holes are solutions to Einstein-Maxwell theory,
in which a photon is minimally coupled to gravity. This is only a low-energy effective field
theory, though; we expect the dynamics of this theory to be modified from quantum gravity
effects when we go to higher energies. In order to account for these effects, we need to
introduce an infinite tower of higher-dimension operators into the action of our theory. These
operators can be organized by a simple power-counting of how many derivatives appear in
the operators. At low energies, the two-derivative operators will dominate the theory, but
the higher-derivative operators (e.g. operators with at least four derivatives) become more
and more relevant at higher energies. Their dynamics are therefore important when trying
to place more precise constraints on microscopic theories.

Higher-derivative corrections to Einstein-Maxwell theory are generically difficult to work
with. It is a chore just to determine how these higher-derivative corrections affect the
geometry of black holes [24-28], and most approaches rely on finding solutions numerically.

Often, studies of higher-derivative corrections to black holes circumvent these difficulties
by restricting their attention to BPS black holes. Demanding that the black hole background
preserves supersymmetry greatly constrains the form of the solution; the BPS conditions are
first-order differential equations that can often be solved exactly. Checking that such BPS
solutions satisfy the equations of motion of the theory is often much simpler than solving

the equations of motion directly.



The leading order four-derivative corrections to black holes will modify the Bekenstein-
Hawking entropy by an O(1) correction that can be computed using the Wald entropy forma-
lism [31,32], which we review in chapter 3. This correction will in principle depend intricately
on the black hole parameters, especially for non-extremal black holes, making it difficult to
to learn about features of the underlying microscopic theory from these higher-derivative
corrections alone. However, these corrections simplify drastically for supersymmetric black
holes and are determined entirely by the charges of the black hole in a very straightforward
manner [33-35], with very little known about the implied interpolation away from the BPS

limit.

1.4 A Way Forward: N =2 Supergravity

At this point, we have motivated the difficulties present when using the macroscopic techni-
ques to gain insight into microscopic physics for non-supersymmetric black holes. These
difficulties, coupled with the fact that all known microstate counting formulae require the
black hole to be supersymmetric?, make the prospects of finding a microscopic understanding
of black holes in Einstein-Maxwell theory slim.

A natural way to proceed is to uplift these Kerr-Newman black holes into a theory with
more symmetry, potentially allowing for a greater degree of control over the dynamics of these
black holes. A particularly nice option is to look at theories whose dynamics are constrained
by supersymmetry, and then study properties of black holes that break this supersymmetry.
This leads us to very naturally consider Kerr-Newman black holes as living in a theory of

N = 2 supergravity, as we will discuss in the next few sections.

1.4.1 Supersymmetry and Supergravity

Supersymmetry is a symmetry that pairs up states in a theory that have integer spin (bosons)
with states that have half-integer spin (fermions). These states are turned into one another
via the action of a fermionic operator ), referred to as a supercharge. Schematically, the

action of this supercharge takes the form

Q|boson) = |fermion) , @Q|fermion) = |boson) . (1.8)

2Strictly speaking, this is not quite true, because there are microscopic counting formulae for BTZ black
holes [36,37], a class of black holes in three-dimensional Anti-de Sitter (AdS) space. These results rely on
holographic methods, wherein a gravitational theory in AdS is dual to a conformal field theory that can
be used to describe the microscopic details of the theory. These holographic methods will not be the focus
of this thesis, as they currently are only valid for extremal black holes with a near-horizon Anti-de Sitter
geometry, while we are interested in studying black holes far from extremality.



Since the supercharges are fermionic operators, they square to zero and so acting with the
supercharge twice yields zero. For a theory with a single supercharge, then, each bosonic
state is paired up with exactly one fermionic state, and vice-versa.

In principle there can be multiple supersymmetry generators in a theory. In a theory
with N supercharges, we can index the supercharges by @Q; for i = 1,..., . Particles in the
theory are then grouped up into supermultiplets that are irreducible representations under
the action of these supercharges. In particular, let’s consider a massless state |A) in the
theory, where A is the helicity (e.g. the projection of the spin along the direction of travel)
of the state. We can then consider all ways to act with the supercharges on this state that
yield non-zero states. The result is that we obtain a supermultiplet of massless particles,
presented in (1.9), where the degeneracy is the number of ways to create a state of the given

form.

state | helicity | degeneracy

B! 1

QN | A+1 N

(1.9)
QIQIN | A+1 |INW-1)

Q1AL ... QI N | A+ IN 1

Any theory of gravity must contain a spin 2 particle in its spectrum, the dynamics of

which determine the geometry of the spacetime. A theory of supergravity is one in which
the theory is also supersymmetric. Supergravity theories therefore must have multiplets
that contain massless states with helicities of A = +2. Additionally, since we are eventually
interested in studying black holes that are charged, we also need to couple electromagnetism
into the theory. We will therefore also require that the theory has multiplets that contain
massless states with helicities of +1, since the photon is a spin 1 particle.

Based on our presentation of massless supermultiplets in (1.9), the most natural way to
supersymmetrize our Einstein-Maxwell theory is to consider a theory with N' = 2 supersym-
metry, since we can then fit the graviton and the photon into the same multiplet, referred to
as the gravity multiplet. The gravity multiplet also contains two spin 3/2 fermions; such spin
3/2 fields are referred to as gravitino, and they are necessary in any theory of supergravity.

For any solution to Einstein-Maxwell theory, there is a trivial uplift of the solution into
minimal N = 2 supergravity, a theory with just the gravity multiplet. First, we identify the

metric and photon in Einstein-Maxwell theory as the spin 2 and 1 particles, respectively, in

10



the N/ = 2 gravity multiplet. We can then account for the gravitinos in this multiplet in
a trivial way by simply setting them to zero in our solution. In particular, Kerr-Newman
black holes are guaranteed to be solutions in this minimal A" = 2 supergravity.

We will go beyond this minimal supergravity theory by coupling the theory to matter in
the form of additional multiplets. In particular, we will focus on coupling the theory to an
arbitrary number of vector and hyper multiplets. The uplift of Einstein-Maxwell theory to
this more general theory of N = 2 supergravity is complicated but nonetheless doable; the

details of this are discussed in section 2.3.

1.4.2 Motivation

The main motivation for considering this particular uplift, and not some other theory of
supergravity, is that any BPS solution in A = 2 supergravity must be an extremal Reissner-
Nordstréom black hole (or a multi-centered generalization thereof) [38]. In this context, non-
extremal Kerr-Newman black holes are interpreted as deformations of these supersymmetric
black holes. We can then try to find physical observables that are guaranteed to be simple
for the supersymmetric black holes, but are somehow preserved under deformations away
from the BPS limit.

This is not just a pipe dream, though. Supersymmetry is a powerful constraint on a
theory, and it can lead to some very slick results. For example, the cosmic censorship bound
for these black holes can be interpreted as a derived consequence of the supersymmetry of the
theory [39], and the electric-magnetic duality of Einstein-Maxwell theory descends directly
from the symplectic duality of N' = 2 supergravity [38]. Importantly, these results rely on
supersymmetry of the theory, but not on the black hole itself.

Another important reason to consider this supergravity theory is that it is a consistent
truncation of string theory, compactified down to four spacetime dimensions. This means
that A/ = 2 supergravity has a well-defined microscopic counterpart in string theory that

can be constrainted via a macroscopic analysis.

1.4.3 The Main Idea

With all of that said, the goal of this thesis is to study general Kerr-Newman black holes as
solutions to N = 2 supergravity. In particular, we will look at both the quantum corrections
and the higher-derivative corrections to these black holes in supergravity. As we discussed
in section 1.3, these corrections are typically unwieldy and difficult to manage. Contrary to
this expectation, though, we find that both classes of corrections are surprisingly managea-

ble. In fact, we find that the corresponding corrections to the Bekenstein-Hawking law are
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determined entirely by the topology of the black hole. And, since the topology of a black
hole is unchanged under smooth deformations of the black hole parameters, we conclude that
the leading-order corrections to Bekenstein-Hawking entropy are independent of the super-
symmetry of the black hole. Moreover, we prove that the topological natures of our results
are guaranteed by the symmetries of the theory and persist even when these symmetries are
broken by the background.

These results demonstrate a somewhat unexpected feature: any microscopic description
of a black hole in A = 2 supergravity contains a sector whose dynamics are entirely insensi-
tive to whether or not the black hole is a BPS state. This is a novel (and surprising) result,
and it points towards the possibility of establishing more general black hole microscopic

theories in the future.

1.5 Overview and Summary of Results
The remainder of this thesis is organized as follows:

e In chapter 2, we establish a general procedure for computing one-loop quantum cor-
rections to non-extremal black holes. We then embed arbitrary solutions of Einstein-
Maxwell theory into N > 2 supergravity and compute the corresponding one-loop
quantum corrections. We find that we can organize the quantum fluctuations into
N = 2 multiplets, even if the background is not supersymmetric. Moreover, we find
that the bosonic and fermionic components of each fluctuation multiplet conspire to
make the logarithmic corrections to the black hole entropy entirely topological. These

corrections therefore hold arbitrarily far away from extremality.

Based on: A. M. Charles and F. Larsen, Universal Corrections to Black Hole Entropy
in N' > 2 Supergravity, JHEP 06 (2015) 200, [arXiv:1505.01156].

e In chapter 3, we study the off-shell formulation of N' = 2 supergravity in order to
consistently introduce higher-derivative corrections into the action. These corrections
take the form of a supersymmetrized Weyl invariant that allows for arbitrary Kerr-
Newman black holes to be solutions of the theory, with no modifications to their
geometry required. We also analyze the BPS conditions in the presence of these higher-
derivative corrections to show that the extremal Reissner-Nordstrom black hole is the
unique static and stationary geometry that preserves half of the supersymmetries of the
theory. Finally, we show that the supersymmetrized Weyl invariant coincides with the

ordinary Euler invariant on-shell, leading to a topological correction to the black hole
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entropy. We end with a discussion of the implications for an underlying microscopic

theory.

Based on: A. M. Charles and F. Larsen, Kerr-Newman Black Holes with String
Corrections, JHEP 10 (2016) 142, [arXiv:1605.07622].

In chapter 4, we study the symmetries of off-shell N/ = 2 supergravity and work out how
these symmetries constrain the quantum effective action of the theory. In particular,
we work out precisely how symplectic duality symmetry and N/ = 2 supersymmetry
constrain the possible four-derivative terms that can appear in the quantum effective
action. We then restrict ourselves to Einstein-Maxwell solutions and show that all
possible four-derivative terms reduce to the Euler invariant, thus explaining the to-
pological nature of the results in the previous two chapters. We therefore establish
a non-renormalization theorem that constrains corrections to the Bekenstein-Hawking

entropy for a large class of non-supersymmetric black holes.

Based on: A. M. Charles, F. Larsen, and Daniel R. Mayerson, Non-Renormalization
for Non-Supersymmetric Black Holes, JHEP 08 (2017) 048, [arXiv:1702.08458|.
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Chapter 2

Universal Corrections to Black Holes

in N/ > 2 Supergravity

2.1 Introduction and Summary

Logarithmic corrections to the area law for black hole entropy are interesting because they
are features of the high energy theory that can be computed systematically in the low energy
effective theory [12,14,15,23]. In situations far from the supersymmetric limit there is not yet
a microscopic theory of black hole entropy so in this setting logarithmic corrections provide a
valuable target for future progress. The most promising arenas for such future developments
are nonsupersymmetric black hole solutions to theories with a lot of supersymmetry. The
goal of this chapter is to compute logarithmic corrections to the entropy of these black holes.

Logarithmic corrections are derived from quantum determinants over quadratic fluctua-
tions around the black hole background [40]. All fields in the theory fluctuate so the results
depend on the theory through its matter content and couplings. Concretely, we consider
well-known black holes from general relativity in four dimensions such as the Kerr-Newman
solutions to the Einstein-Maxwell theory but we embed these solutions into N' > 2 super-
gravity. In particular, we focus on theories with a single gravity multiplet, N/ — 2 gravitino
multiplets, an arbitrary number ny of vector multiplets, and an arbitrary number ny of hyper
multiplets. The matter content is specified by the host supergravity which also determines
the nonminimal couplings between the matter and the background.

We find that it is useful to organize the matter in multiplets of N' = 2 supergravity
even in the presence of a black hole background that breaks supersymmetry completely and
also when N/ > 2. Indeed, this organization diagonalizes the problem in the sense that

different N' = 2 multiplets decouple. Furthermore, with our embedding the field equations
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for quadratic fluctuations of such multiplets depend only on the A/ = 2 field content and not
on couplings encoded in the prepotential.

The one-loop quantum corrections computed in heat kernel regularization are presented
as usual as short distance expansions with coefficients that are invariants formed from the

curvature [41,42]. The four derivative terms that we focus on take the form

o c
1672

a4 () Wonpe WHP? — E, (2.1)

1672

where W, , is the Weyl tensor and FEj is the four-dimensional Gauss-Bonnet term. The
values of the coeffiicients ¢, a are nonstandard because they are for fields with nonminimal
couplings specified by N' > 2 supergravity. Our results for ¢, a are somewhat complicated
for bosons and fermions separately but we find that the sum gives ¢ = 0 for any values of
ny,ng, and N.

The heat kernel coefficient ay(x) encodes the one-loop effective action which in turn
determines the logarithmic correction to the black hole hole entropy in the limit where all
parameters with the same length dimension are taken large at the same rate. For BPS black
holes there is only one length scale, identified as the scale of the near horizon AdS, x S2. In
this situation there are no dimensionless ratios so the coefficient of the logarithmic correction

is a pure number given by [43]

1

Note that this shows that BPS black holes in N’ = 4 supergravity, where ny = ny + 1, have
vanishing logarithmic corrections to their black hole entropy.

Non-extremal black holes are characterized by dimensionless quantities such as the charge-
to-mass ratio Q /M and the angular momentum quantum number .J/M?. For such black holes
the coefficient in front of log A is expected to depend on these dimensionless variables. This
expectation has proven correct in the case of Kerr-Newman black hole solutions to Einstein-
Maxwell theory [21]. The way this comes about is that fluctuations of the metric and vector
fields and additional minimally coupled fields all contribute to the ¢ coefficient, and the cur-
vature invariant W, W*"*? is a complicated function of @ /M and J/M? after integration
over the black hole geometry.

Our main result is that when the Kerr-Newman black holes are interpreted instead as

solutions to N > 2 supergravity, the coefficient ¢ vanishes

c=0. (2.3)
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In this situation the logarithmic correction is much simpler: (2.2) remains valid for all of these
black holes (modulo integer corrections due to zero modes and ambiguities in the ensemble).
There is no dependence on the parameters that deform the black hole off extremality.

This chapter is organized as follows. In section 2.2 we discuss how the heat kernel
formalism can be used to compute the one-loop quantum effective action for non-extremal
black holes, and then we show how this then gives a logarithmic correction to the entropy
of the black hole. In section 2.3 we take solutions to Einstein-Maxwell theory in 4D and
embed them into N/ = 2 supergravity. We determine the quadratic fluctuations around
this background and extend these results to general N' > 2 supergravity. In section 2.4
we compute the first three heat kernel coefficients for each N/ = 2 multiplet. Finally, in
section 2.5 we tabulate the results for the trace anomaly and show that the logarithmic
corrections to black hole entropy are independent of black hole parameters. As a concrete

example we consider the non-extremal Kerr-Newman black hole.

2.2 One-Loop Quantum Corrections to Non-Extremal
Black Holes

In this section we show how to use the heat kernel formalism to evaluate the one-loop
quantum effective action of a black hole. We argue that these one-loop contributions are
entirely responsible for the logarithmic terms in the quantum effective action. We then go
on to compute the corresponding logarithmic corrections to black hole entropy by means of

a Laplace transform.

2.2.1 Heat Kernels and the Quantum Effective Action

Consider a Euclidean quantum field theory in d = 4 dimensions at a fixed temperature
T = B7'. The partition function Z for the theory is given by a path-integral over all
configurations of the fields {¢} in the theory, weighted by the action S as follows:

7 = / DopeS . (2.4)

To a first approximation, we can evaluate this via the saddle-point approximation by simply
evaluating the action at a stationary saddle-point that satisfies the classical equations of

motion of the theory with appropriate boundary conditions!. We can then compute one-loop

'Tf there are multiple saddle points that accomplish this, then we will restrict ourselves to the one that
minimizes the on-shell action. This restriction is approximate, though it becomes exact in the classical & — 0
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quantum corrections to the partition function by expanding the fields around the classical

solution

¢ — ¢Cl + ¢ ) (25)

where {¢} now denotes the quantum field fluctations of the theory. We can then expand the
action of the theory to quadratic order in these field fluctations, such that the action now

takes the form

S =Sa— (d[Alo) (2.6)

where A is a Hermitian Laplace-type kinetic operator for the field fluctuations. These field
fluctuations appear quadratically in the action, and so the path integral simply becomes a

Gaussian integral over these field fluctations that can be computed exactly. The result is

1
7 =e % . 2.7
Vdet A 2.7)
It is more convenient to re-express this one-loop partition function as
1
logZ = -8Sqg—W, WE§logdetA, (2.8)

where W is the one-loop quantum effective action. It encapsulates all of the information
about the quantum corrections to the classical theory. The problem of understanding quan-
tum corrections to our theory has therefore turned into a problem of how to evaluate this
effective action.

We will focus on using the heat kernel method to evaluate W, as first discussed in [40].

We first rewrite the effective action as
1
W = Etr log A . (2.9)

For any positive eigenvalue A of A, we can write the “identity”

>~ d
log\“ =7 —/ e, (2.10)
0

S

Strictly speaking, this identity is only true up to an infinite constant. This constant is
independent of A, though, and so this expression is still useful as long as we carefully keep

track of divergences. If we now extend this relation to the entire operator A, we find that

1 [~d
W = ——/ —SD(S) . D(s)=tre N, (2.11)
2 )y s

limit.
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where D(s) is known as the heat kernel of the kinetic operator A. We refer to the parameter
s as the heat kernel time. It is a dimensionful parameter, with units of (length)?. We can

also do a spectral decomposition in order to represent the heat kernel as

D(s)=> e, (2.12)

i

where we denote {\;} as the eigenvalues of the kinetic operator A.

2.2.2 Divergences and Cut-Offs

Throughout section 2.2.1, we have ignored all issues and subtleties related to divergences.
Many of the expressions we wrote down are either divergent or only really valid up to infinite
constants, and so we must be careful to treat these divergences in such a way that we can
still extract meaningful physics out of the heat kernel formalism.

The first issue is that the heat kernel representation of the quantum effective action (2.11)
is divergent in the s — 0 limit. The divergence is worse for larger eigenvalues of the kinetic
operator, and thus we can interpret this as an ultraviolet divergence. This is not unexpected;
generic low energy effective field theories coupled to gravity are not ultraviolet-complete, and
so we shouldn’t expect the semi-classical picture of gravity to be valid at arbitrarily high
energy scales. We must therefore must put a cutoff on the theory. In particular, we will

enforce that
s>€, €= -—— (2.13)

for some ultraviolet cutoff Ayy. The one-loop quantum effective action therefore takes the

:_l/mﬁD@' (2.14)

This expression for the quantum effective action is also divergent in the s — oo limit for

form

negative and zero eigenvalues of the kinetic operator. This infrared divergence arises in the
infinite volume limit, since arbitrarily large values of s are only allowed when the volume of
the spacetime is infinite. To rectify this issue, an infrared cutoff must be introduced in order
to regulate the infinite volume of the spacetime. We will not worry about this divergence,
though, since in the next section we will show how to subtract off the infrared-divergent
part of the quantum effective action that comes from the thermal gas the black hole is in

equilibrium with.
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2.2.3 Black Holes and the Thermal Gas Subtraction

We want to understand quantum corrections to generic non-extremal black holes. However,
it is not enough to simply compute the one-loop quantum correction to the partition function
given in (2.8); the classical saddle point that we expand around corresponds to a black hole
in equilibrium with a thermal gas of all of the particles in the theory. In order to be able
to make a connection to the black hole microstate picture, we have to be able to isolate the
piece of the partition function that corresponds to the black hole (and not the thermal gas).
In this section, we will review the procedure used in [20] to determine the general form of the
thermal gas partition function, and then we will use this form to show how to consistently
subtract off the thermal gas contribution to the partition function.

Let’s first consider a flat four-dimensional Euclidean spacetime where the Euclidean time
coordinate has periodicity S and the spatial coordinates are restricted such that they each

lie within a length L. The eigenvalues of the scalar d’Alembertian on this spacetime are

47%n?

52

+ k2 (2.15)

where n is an integer that determines the momentum along the compact time direction.
Additionally, the spatial momentum k must be quantized such that the wavelength of the
field modes fit inside the box. In the large volume limit, though, we can approximate the

allowed spatial momenta as being continuous instead of discrete, with the density of states

v
(27)?

dp = dk (2.16)

where V' = L3? is the volume of the box the spatial coordinates lie in. Since the spatial
component of the eigenvalues are continuous, the discrete sum in (2.12) will become an

integral instead, weighted by the density of states. The heat kernel is thus given by

D(s) = i / dy exp (—4”;7;23 —312;’2) . (2.17)

n=—oo

We can in principle insert this into (2.11) in order to compute the quantum effective action
for this thermal gas. However, the exponential term is finite when s is close to zero, which
leads to a divergence in the s-integration for all values of n. A trick we can use to make

s-integration easier is to use the Poisson resummation formula to rewrite the sum over the
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momentum modes along the thermal circle as
o0

47202 ﬁ > 252
Z exp (—ﬂ-ﬁ—zs) = \/ﬁnz}mexp (—n4s ) ) (2.18)

n=—oo

Written in this form, the integrand becomes exponentially suppressed for small values of s
when n # 0. Putting this all together, we find that the quantum effective action for this free

gas of non-interacting particles is

1 252 .
W = —5/6 47TS Z /du exp ( - sk:Q) . (2.19)

This is in principle straightforward to evaluate. However, there is one subtlety: the n = 0

term is ultraviolet divergent and blows up in the ¢ — 0 limit. The n # 0 terms in the
integrand are exponentially suppressed for small s, though, and thus are ultraviolet finite.
We can therefore send ¢ — 0 freely for these terms. If we now keep track of the ultraviolet
cutoff appropriately, we compute the one-loop quantum effective action of the thermal gas

to be given by
Vi TV

Ww=_— 2 Y
64722 90 33

(2.20)

The first term in the thermal gas quantum effective action (2.20) is the ultraviolet di-
vergent term discussed earlier. This term corresponds to the one-loop contribution to the
renormalization of the cosmological constant. In the case considered in this chapter of asymp-
totically flat black holes, the final theory does not have a cosmological constant and so this
contribution must be cancelled by a local counterterm. We will therefore drop this divergent
piece, keeping in mind that it will eventually be cancelled out.

We have so far ignored the presence of the boundary in our discussion. The details of
the boundary affect how the momentum modes are quantized inside the box, which leads to
a modification of the density of states. However, these boundary effects will be subleading
corrections that involve lower powers of L. The density of states therefore becomes modified

such that
Vv

(27)?

This will lead to a new boundary contribution to the quantum effective action that can

dp = &k + O(L*d*k) . (2.21)

in principle have terms that are finite as well as terms that are divergent in the ¢ — 0
limit. The divergent parts will be cancelled by appropriate boundary counterterms, while
the finite pieces will be independent of the cutoff € and thus depend only on L and (. Since

the boundary modification of the density of states is subleading in powers of L, the finite
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boundary contribution to the quantum effective action must be as well. Therefore, if we
include boundary effects while ignoring the divergent pieces that will be cancelled by local

counterterms (both in the bulk and on the boundary), the quantum effective action becomes

2 2

W= _g_o% +0O (%) . (2.22)
In the large volume limit L > [ we can neglect the subleading boundary terms and so we
simply recover the familiar thermal partition function for an ideal gas.

We have so far only considered the gas propagating on a flat spacetime. However, we
now want to consider the case where the thermal gas is on a black hole background. The
presence of the black hole causes the light cones of the gas particles to get warped such
that the kinetic operator no longer factorizes neatly into time circle modes and spatial
modes. The kinetic operator eigenvalues in (2.15) are therefore modified to become much
more complicated. However, as discussed in previous work [20,40] the general arguments
presented here still hold for fields propagating on a black hole background. In particular, for
a thermal gas in equilibrium with a black hole of inverse temperature 3, angular velocity &,

and electromagnetic potential /i, the quantum effective action takes the form

W =Vf(,d, i)+ 0 (é—z) , (2.23)

where f is a function with homogeneity —3 such that

FONB,AGD, Ni) = A7 (8,6, /1) - (2.24)

The dominant piece of the thermal gas quantum effective action is therefore invariant under
an overall rescaling of the length of the box and the black hole potentials.
Let’s now denote the radius of the black hole by a. The upshot of the above arguments

is that, in the large volume limit, the dominant contribution to the thermal gas quantum

WNES, 2.25
(%) (2.25)

a

effective action goes like

since the black hole potentials 3, &, and i scale linearly with the black hole size for generic

non-extremal black holes. With this in mind, consider two different systems:

System 1: a black hole with radius a in a box of size L ,

/
System 2: a black hole with radius ¢’ in a box of size L' = L (a_) .
a
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The thermal gas contribution to the partition function (2.25) is therefore the same for both
systems! If we take the difference in the effective actions for system 1 and system 2, the
thermal gas contribution cancels out, and we are thus simply left with the difference of the

effective actions corresponding solely to the black holes. That is,
Wi (BH + gas) — W,(BH + gas) = W;(BH) — W5(BH) . (2.26)

For notational simplicity, we will now let AW denote this difference in black hole quantum

effective actions. Using the heat kernel eigenvalue expansion for the quantum effective action,
we find that ey
S ’
AW = —— — <e_s’\i — e_s’\i> , 2.27
T > 2.27)

where {\;} are the eigenvalues of the kinetic operator for system 1 and {\;} are the eigen-
values of the kinetic operator for system 2. Since system 2 can be obtained from system 1
by an overall rigid rescaling of the fields, the kinetic operator eigenvalues are also related by
this rigid rescaling. In particular, the eigenvalues of system 2 are given in terms of those of

system 1 via

A=\ (%)2 . (2.28)

We can therefore immediately see that, if we define the rescaled UV cutoff

€ =e (3>2 , (2.29)

a/

then the quantum effective action is given by

1 [ ds —sh, 1 [ ds

A by-product of this analysis is that the integration range no longer goes to infinity, and we
therefore do not run into any infrared divergences when evaluating the quantum effective

action.

2.2.4 Perturbative Expansion

For small heat kernel times s, the heat kernel can be represented perturbatively as

[e.9]

D(s) =Y 5" ag, , amy = /dda: g agn () . (2.31)

n=0
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The terms {as,(x)} are known as Seeley-DeWitt coefficients [44], though we will often refer
to them as heat kernel coefficients for simplicity.

For kinetic operators that are of the Laplace-type, there are methods that can be used to
compute these heat kernel coefficients. We will focus on the covariant perturbative method
discussed in [42], which gives an algorithmic way to compute these coefficients for arbitrary
background manifolds. To do so, we first note that any Laplace-type kinetic operator A

acting on the quantum field fluctuations in the theory can be written in the form
A=-0I -2w, V¥ - P, (2.32)

where w, and P are both matrices constructed from the background fields, and I is the
identity operator on the space of field fluctuations. We also denote J = V,V*# as the
covariant d’Alembertian operator on the background manifold. We can complete the square

in order to rewrite the kinetic operator as
A=—-(D,D")I-FE, (2.33)

where
E=P—-wuw'—(Vuw'), D,=V,+uw,. (2.34)

The matrix F is the effective mass matrix for the quantum field fluctuations, while D,, is
the new effective covariant derivative acting on the field fluctuations. Importantly, this new
derivative is not necessarily torsion-free. The curvature associated with this new effective
derivative operator is denoted by

Q. =[D,D,) . (2.35)

With these definitions, the Seely-DeWitt coefficients can be written entirely in terms of the
mass matrix I, the effective curvature €2, and the background geometry. The first three

coefficients are given by
(4m)ag(x) = tr 1,

(47)%ay(z) = tr (E + éR) :

1

) , 1 1 1 L1 (2.36)
(A4m)°ay(x) =tr | zE*+ -RE+ -OF + EQWQ“ + —0OR

2 6 6 30

1 1
— — R, R"™ + — R0 R*7 |
180 it igg e )

1

Lo
+72R

We can also in principle compute the higher-order coefficients ag(x), asg(z), etc., but the
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logarithmic corrections in four dimensions are determined by a4(x) and so it will be sufficient
to compute the heat kernel coefficients up to this order. There are also in general boundary
contributions to these coefficients. We have ignored them, however, since we are taking the
large volume limit such that all boundary terms are subleading.

It is also important to note that the heat kernel depends only on the integrated heat
kernel coefficients {as,} and not on their local densities. Since we are interested in studying
asymptotically flat black holes, any total derivative terms in the heat kernel coefficients will
simply integrate to zero. We will hence drop all total derivative terms when we compute

these heat kernel coefficients in the proceeding work.

2.2.5 Scalings and the Range of Validity

We now have a perturbative realization of the heat kernel (and thus the effective action).
This perturbative approach is only valid for small heat kernel times s, though, and fails
miserably for large heat kernel times. We must therefore investigate when this small time
expansion is valid.

Each heat kernel coefficient ag,(x) contains terms that contain n powers of the Riemann

curvature, e.g.

agn(z) ~ R . (2.37)

The curvature of the black hole scales inversely with its length, and we want to integrate
these heat kernel coefficients over the whole spacetime. The integrated heat kernel coefficient
therefore scales like

Aoy ~ a2 (2.38)

where a is the length scale of the black hole. The heat kernel series expansion (2.31) goes

like .
D(s) ~ 3 (%)H . (2.39)

n=0
In order for this series to be able to converge, each successive term must have a much smaller
magnitude than the one before it. This means that the heat kernel series expansion is only
valid in the regime where
S
o) <1. (2.40)

Said another way, the dominant contribution to the black hole quantum effective action

comes from integration range that satisfies

2
6<8<€/:€<a> . (2.41)

al
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In order to be able to use the perturbative heat kernel expansion, this integration range must
be compatible with the convergence condition (2.40). The lengths a, a’ of the relevant black
hole solutions must be taken large enough such that

S« (2.42)

€
¥<<17 a/?

Once we have chosen cutoffs and the size of the black hole appropriately such that the
perturbative representation of the heat kernel holds over the entire range of integration, the

quantum effective action can be expressed in terms of the integrated heat kernel coefficients
by

1 [9d
AW = —5/ —j (ao + ass +ass® +...) . (2.43)
¢ S

where the dots indicated terms that have higher powers of s. If we now perform the s
integration, we find that the quantum effective action is
" 2 /
AW:%(%—l)—I—;—z(2—2—1)+a410g%+(9(e). (2.44)
The first two terms in this expression have factors of the cutoff € in the denominator and
thus diverge in the € — 0 limit. In particular, the e 2 term corresponds to the one-loop
contribution to the renormalization of the cosmological constant, while the ¢! term cor-
responds to the one-loop contribution to the renormalization of Newton’s constant. All of
these divergent terms must be cancelled by local counterterms, so we will drop them. The
remaining term listed is independent of €, while the higher-order terms all vanish in the
€ — 0 limit. We can thus simply take ¢ — 0 and ignore these higher-order contributions.
We can now extract the piece of AW that is dependent on a and identify it as the
quantum effective action W for the black hole of size a. Ignoring divergences and dropping

terms that vanish as the cutoff goes to zero, we find that
W = —aqloga . (2.45)

It is therefore the a4 coefficient that completely determines the quantum corrections to the

black hole, in the large volume limit of consideration in this chapter.

2.2.6 Change of Ensembles

At this point, we have a well-defined procedure for computing the one-loop quantum ef-

fective action for an arbitrary set of field content propagating on a black hole background.
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Importantly, this computation is done in the grand canonical ensemble of the theory, where
the inverse temperature (3, the angular velocity &, and the electromagnetic potential fi are
all fixed and scale linearly with the size of the black hole. The grand canonical partition

function can be expressed in terms of the classical and one-loop actions as
log Z(8,0,ji) = =S — W . (2.46)

Since we took care to subtract off the contribution to the effective action from the thermal
gas that the black hole is in equilibrium with, we can interpret this as the grand canonical
partition function of the black hole itself. We now want to use this result to compute the
entropy of the black hole. To do this, we need to detail how to change ensembles to the
microcanonical ensemble.

From the microscopic perspective, the black hole dynamics are described by a Hilbert
space of individual black hole microstates. These microstates each have an associated ma-
croscopic energy F, momentum ﬁ, angular momentum J_; and charge associated with them
@. In the limit where we take the size of the black hole to be large compared to all other sca-
les in our theory, the energy of each microstate will simply be given by the usual relativistic

energy

—

P
E=M+ I (2.47)
since the interactions between the black hole and the fields in the spacetime will yield su-
bleading corrections to this. The entropy of the black hole counts the number of states in
the microcanonical ensemble where the mass, momentum, angular momentum, and charge
of the black hole are all fixed. The entropy is a Lorentz-invariant quantiy, and so it cannot
depend on the value of the momentum that we have fixed. We can therefore express the

microstate degeneracy {2 as
Q(M, P, J,Q) = SMIQ) (2.48)

The grand canonical partition function can then be expressed as a sum over all black hole

microstate numbers, weighted by the microstate degeneracy, such that
Z(8,8, i) = Z SMJ.Q)~BE-G-T—iQ (2.49)
M,P.J,Q

We have now arrived at the relationship (2.49) between the grand canonical partition
function and the microcanonical entropy of the black hole. This relationship can be formally
inverted by means of a Laplace transform, since the summand is strongly peaked around

the classical values of M, j, and Cj that correspond to the specified potentials 3, &, and /.
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Moreover, we are interested in black holes with mass large enough such that the logarithmic
corrections to the entropy dominate over all other corrections. As argued above, these loga-
rithmic corrections arise from one-loop quantum corrections to the theory. When performing
the Laplace transform, it is therefore sufficient to use the saddle-point approximation, as this
will capture these one-loop corrections.

This saddle-point inversion is done explicitly in [20]. The result of their calculation is

that the entropy of the black hole is given by

—

SM,J,Q) = -Sa+BM+&-J+ji-Q—W +Cyyloga , (2.50)

where the potentials are understood to be evaluated on their classical values corresponding
to the background saddle-point. Note that we have also included a constant C,, in this
expression. This constant is to account for any zero-modes of the theory that we did not
correctly incorporate into the one-loop effective action, as well as the integer corrections that
arise when performing the saddle-point inversion of (2.49). The computation of this constant
are discussed in appendix A.

The first four terms on the right-hand side (2.50) are simply the usual Bekenstein-
Hawking entropy, as established from earlier studies of Euclidean quantum gravity [45].
Additionally, we know from (2.45) that the one-loop quantum effective action W is given
by a4loga, where a4 is the third Seeley-DeWitt coefficient integrated over all of spacetime.
Putting this all together, we find that the one-loop quantum effects in our theory lead to a

black hole entropy of
A 1

S = el (a4 4 Cym)log A, (2.51)
where A is the area of the black hole horizon. In the limit where the area of the black hole
is large, all other corrections will be at most (1) corrections to this, and so we can safely
neglect them.

We therefore find that the logarithmic corrections to the black hole entropy are completely
determined by the heat kernel coefficient a4(x) for the quantum fluctuations of the theory

(modulo the integer corrections detailed in appendix A).

2.3 The Background Solution and its Fluctuations

In this section we embed an arbitrary solution to the d = 4 Einstein-Maxwell theory into
N > 2 supergravity. We then derive the equations of motion for quadratic fluctuations

around this background.
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2.3.1 Einstein-Maxwell Theory

The starting point is a solution to the standard d = 4 Einstein-Maxwell theory

1 1
£ - @ (R - ZF#VF'LLV) y (252)

where k? = 87G. The geometry satisfies the Einstein equation

1
R,U,l/ - iguuR = /{2Tuu ) (253)

where the energy-momentum tensor is

_ 2 6(V—gL) 1 , 1 .
ij o \/__g 59141/ o ﬁ FHPFI/ - Zg,ul/chrF . (254)

The field strength F),, satisfies Maxwell’s equation and the Bianchi identity which we combine

into the complex equation
V. F™ =0. (2.55)

We introduce the self-dual and anti-self-dual parts of the field strength as

1
F,, = 5 (Fuw £ Fu) (2.56)

with ‘

~ VA -

F, = _§5uupan . (2.57)
We will not specify the solution explicitly at this point but it may be useful to have in mind

that we will later consider the Kerr-Newman black hole.

2.3.2 Einstein-Maxwell Backgrounds in N = 2 Supergravity

We want to interpret the background of the prior section as a solution to N/ = 2 supergravity
with matter in the form of ny vector multiplets and ny hypermultiplets. The most difficult
step will be understanding dynamics of the bosonic fields in the gravity and vector multiplets,
so in this section we focus on those. We will return to the hyper multiplets and all the
fermions in the next section.

The bosonic Lagrangian of N = 2 supergravity coupled to ny vector fields is

1 ;7 1
L=55R- 9ag V"2V .20 + 5m (N ELTFH] (2.58)
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The index o« = 1,...,ny enumerates the complex scalar fields z* in the vector multiplets,
while the label I = 0,...,ny enumerates the field strengths in the theory. Note that F 31, is
the field strength of the graviphoton in the gravity multiplet, while 7, is one of the vector
multiplet field strengths.

The interactions in our theory are determined by a holomorphic prepotential F(X7)
that has homogeneity two with respect to the projective coordinates X!. Its derivatives are

denoted F; = O;F, F;; = 0;0,F, etc., and it specifies the coupling between vectors and

scalars as i Ny XK N, X
Nij = prg+iviy = Fry+i Ny XN XM (2.59)
where N;; = 2Im F;;. The Kéahler metric is
9o = 0a05K , (2.60)
where the Kahler potential is
K =logi(X'F; — ;X7 . (2.61)

The Kahler covariant derivatives

1
Vo X! = (04 + =K20.K) X1,
) 2 (2.62)
VQXI = (a@ - 5/@28@]C)XI =0 s

relate the true motion in moduli space to the projective parametrization. The Kahler weights

are such that
Z1(z) = e 27K X (2) (2.63)

is purely holomorphic 957! = 0. The projective coordinates can be normalized such that

- - _ 1
Ny X'X7 = —i(Fy X = X'F)) = — . (2.64)
K
We now want to embed arbitrary background solutions to Einstein-Maxwell theory into
N = 2 supergravity. The background solution to Einstein-Maxwell theory specifies the
geometry and a single field strength F),. We claim that the corresponding solution to

N = 2 supergravity has the same geometry but the matter fields are given by

z% = const ,

o — xIpt (2.65)
uv uv -
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We need to verify that this in fact is a solution to N' = 2 supergravity.
First, we will look at the Einstein equation for our theory. The scalars are constant so
their derivatives do not contribute to the energy-momentum tensor. The non-vanishing part
is
_ 1 _
T, = —2Im {NIJ(F51FV M Z—lgWF;;IF W)]

(2.66)
1
= vy, <FJ{F,,“ - Zgw,F;;_IF‘””) :

We now note the identity

_ _ _ , _ 1
— 2w X' X7 =N XX+ ce=iF XX +ee=i(F X' - X'F)) ==, (267)
K

due to (2.59) for N7;, homogeneity of the prepotential, and the normalization condition

(2.64). The energy-momentum tensor (2.66) therefore simplifies to

1 1 1 1
T = — <F:AF1, - ;lgu,,F;,F*”) =53 (FMAFVA = e M) : (2.68)

K
This is the same as (2.54) for the Einstein-Maxwell theory so the Einstein equation for N' = 2
supergravity is satisfied with unchanged geometry.

The combined Maxwell-Bianchi equation in N' = 2 supergravity,
V., (N FH™) =0, (2.69)

is automatically satisfied because the background satisfies the Maxwell-Bianchi equation
(2.55). The dependence of N7; and F# on the scalar fields introduces no spacetime depen-
dence since the scalars are constant.

The scalar field equations are not automatic even though the scalars are constant because

the vector fields act as a source unless

(9/\/}J aNIJ
o prad _ L]+l prwvd — 2.70
oz oz ( )
The anti-holomorphic condition
aN[J I7J
—zlz) =0 (2.71)
0z

is obvious: move the holomorphic coordinates Z! under the derivative and use N;;Z/Z7 =

F;Z' = 2F to find an antiholomorphic derivative that vanishes because it acts on the
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holomorphic prepotential. The holomorphic condition is almost as simple:

0.
#ZIZJ = 0,1 7" — F10,7" = (F1;2' — F))0,27 =0 . (2.72)
ZOA
We used N;;Z7 = F; again and then F;;Z! = F; from homogeneity of the prepotential.
At this point we have completed the verification that a solution to Einstein-Maxwell
remains a solution when embedded in A/ = 2 supergravity through (2.65). Any additional
fields in A/ > 2 supergravity must all appear quadratically. The further embedding from

N > 2 into N = 2 supergravity is therefore automatic.

2.3.3 Quadratic Fluctuations

The quantum corrections to the black hole entropy are determined by the spectrum of
quadratic fluctuations around the background. We first consider the general matter equations

of motion derived from the action (2.58)

o iaNIJ I Juv Z'a-/T/’IJ —I —Juv
\Vis (gagvﬂz )—ZﬁFLF+“ +ZﬁF’WF K :O,

iV, (N 0 N FImr) =0 (2.73)
V, (FtW —F~7") =0 .

The last two lines are the Maxwell-Bianchi equations. Linearizing around the background,

these equations become

ijvu5F+Juu 4 (VM5N1J)F+J“V _ N]JV#C;F_J#V _ (v“(;N”)F—JW =0 ’

(2.74)
V, (0Ft™ —sF~") =0,

where unvaried fields (without J) are evaluated on the background. The background fields

satisfy (2.65), and so we can show that the second term in the first equation above simplifies:

(VM(S./\/’]J)FJ'_JMV = (VQN]J)XJVM5ZQF+MV + V@N]JXJVM5ZaF+MV
— (VaoF; = N1 Vo X7)V 020 FH (2.75)
= —2iv; Vo XV 620 F Tt

Note that we used symplectic invariance in the form V,F; = N, V. X, Inserting this back

into (2.74) and simplifying, we find that

V. (OFT — W XT620F ™ — VaX'620F ) = 0. (2.76)
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This is a complex equation with imaginary part reducing to the Bianchi identity.
After linearizing the scalar equation of motion in (2.73) around the background, the
middle term vanishes due to holomorphicity. The (complex conjugate of) the last term

simplifies as follows:

§ (VN ELJFYM) = Vo VN 620 XTI X F L FH + 2V Ny XTE S oF 1
= 2VN X EL(SF T — Vo X7 620 FH) (2.77)
= —4iv VX EL(FH — N X620 F )

Finally, we collect terms and write the linearized scalar equation as
9 V202" — v VX F,, (JF 7" — VX 620F ) = 0. (2.78)

The linearized equations of motion for the vectors (2.76) and the scalars (2.78) can both be

derived from the single action
5 1
L=—g,5V,062°V"62" + VI (6F: T —o0XTFL) (6FT/" —6X7F™) +he,  (2.79)

with 60X! = V,X?52*. This is a consistency check on the manipulations.

2.3.4 Decoupling the Quadratic Fluctuations

The action (2.79) for the quadratic fluctuations is concise but the dependence on the Kéahler
metric g,5 and the symplectic metric v7; introduces elaborate couplings between the ny
complex scalars z® and the ny + 1 field strengths F Jy. We can simplify by expanding the
field strengths as

+a
nZ

s _ N[
Fil = X'Fj, + VaX' [0 = (X1 9,X7) ( W) . (2.80)

This represents the ny + 1 fields F) /f,/ as a single graviphoton field F),, and ny vector fields
@ The complete basis {X7, V4X!} is orthogonal with respect to the metric v;; in the

v
sense that -
. (Xf \% Xf) L(n= 0 (2.81)
v 3 =—— . .
VQXI " g 2 0 gOzB
The component form of the field variations are

5F+1MV _ XI5F+MV + vaXI(SZozF-l-/w + ﬁ&XIf-&-&MV ) (2.82)
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For variations of this form the linearized matter equations (2.76) and (2.78) become

X'V SF ™ 4 VXV, (ffo = 62°F) =0,
) 1 (2.83)

V202 + §F ) =0
Orthogonality forces the two terms in the first equation to vanish separately. Thus §F+t#
satisfies the standard Maxwell-Bianchi equations (2.55), even in the presence of a fluctuating

scalar. We rename 62% — 2® and write the remaining equations as

vu (f—ozuu _ ZaF+MV) =0 ’
NPUNE (2.84)
V z + §Flef = 0 .

These matter equations are fully decoupled; there is no interaction between the matter
multiplet and the supergravity multiplet (gravity and graviphoton). Additionally, the ny
vector multiplets do not couple to each other so they can be analyzed independently. We
will henceforth suppress the index «.

The equations of motion (2.84) are actually misleading as they stand because, according
to the first equation, the antisymmetric vector field f* does not satisfy the Bianchi identity:

the imaginary part of f~*" has a source. We can remedy this by making the field redefinition
= = =2f "4z (2.85)

The transformed field strength f*” satisfies the Bianchi identity. The equations (2.84) be-
come
V. (f* —izF™ +izF") =0,
) 1 (2.86)
s — p— U S — —uY
Viz =il f —i—izFWF“ =0.
This is our final result for the quadratic fluctuations of a N’ = 2 vector multiplet around a
solution to the Einstein-Maxwell theory.
We have not yet analyzed the Einstein equation. Linearizing the energy-momentum

tensor (2.66) of the A/ = 2 supergravity theory around the background, we find that

) (V[JF;;IFI)_JC) = 51/[JF;;]Fb_JC +vry (5Fa—EIFb_JC + C.C.)

B _%Va (Nrg = Npg) 02X X7 F LR + vpg0F o X7 + coc

) (2.87)
= vy X7 (OF =V  X'62*FL)F, ¢ + c.c.

1 —C
= _2_/#5(F;;:Fb )
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for variations of the form (2.82). Thus fluctuations in the geometry are sourced exclusively
by the graviphoton or, equivalently, the Einstein equation respects the decoupling of the

N = 2 supergravity multiplet from the vector multiplets.

2.3.5 Completing the Fluctuation Multiplets

The full N' = 2 supergravity theory generally includes many fields that vanish in the back-
ground. The actions of such fields can be computed at quadratic order by taking all other
fields to have their background value. This process introduces non-minimal couplings because
of the background graviphoton. In the following we examine the various N/ = 2 multiplets
one by one.

The N = 2 supergravity multiplet contains the graviton, two gravitini, and the gravipho-
ton. The dynamics of the bosons are governed by the Einstein-Maxwell action (2.52). The

gravitino action is?
1 - uvp i —In—Juv
£gravitino = _?%“7 Vulbp + v (FW Q + h.c.) ) (2-88)

where i = 1, 2 enumerates the two gravitini. The Pauli term depends on Q~7# = X 74! w;-’gij .

In the background (2.65) the normalization condition (2.81) then gives

1 - v, ) 1 — v _1J
['gravitino = _?wiuf)ﬂu pvuwp - 2_/{/2 (F,W@waﬁ ! + hC) . (289)

The sum of this action and the Einstein-Maxwell action (2.52) is invariant under the N' = 2
supersymmetry
. N P
o, = Ve — ZFE’W“EJ- : (2.90)

where F' = %WVFW-

The N = 2 vector multiplet has one vector field, two gauginos, and one complex scalar.
The bosons satisfy the equations of motion (2.86), as we have shown in detail. The gauginos
are subject to Pauli terms that couple them to each other and to the gravitinos. However,
these couplings appear in the combination Q=7/#* = V5X” (Ydiv“@b”jeij +.. .), and such
terms vanish when contracted with a field strength F;/ of the background form (2.65)
because of orthogonality (2.81). Therefore the gauginos are minimally coupled fermions.

The N = 2 hyper multiplet has two Majorana hyper fermions and four real scalars. The

scalars are minimally coupled to gravity. The hyper fermion is acted on by a Pauli term

2We follow the conventions of [46]. The normalization of the Maxwell field strength in (2.52) is con-

ventional in the gravity literature. The relation between the two conventions for the graviphoton is
F(FVP) _ 2F(here)
= 2F;,".

Qv )
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where the metric v;; contracts F!;,I and Q=" = X/ (%/{2§A7“”CBC'AB +.. ) The Q—7w
is proportional to X7 as it was for the gravitino and again orthogonality leads to a simple

result for the quadratic action

— 1 /-4~
Ligper = =Ca7"V,¢* = 5 (CHFCPean +hic.) (2.91)

It is sufficient for our purposes to consider each hyper multiplet independently. For a single
hyper multiplet the indices A, B take values of either 1 or 2, and so we can without loss of

generality let Cap = €4p.

2.3.6 N > 2 Supergravity

In this section, we extend our results for N’ = 2 supergravity to supergravity theories with
N > 2 supersymmetry.

We first embed the background solution to the Maxwell-Einstein theory into supergravity
with AV > 2. We pick one of the %/\/' (N — 1) gauge fields in the gravity multiplet and
designate it as the graviphoton of an N’ = 2 theory that is identified with the gauge field
of the Maxwell-Einstein theory. This embedding defines the background defined earlier as a
solution also to A > 2 supergravity.

We next organize all fluctuating fields in N/ = 2 multiplets. The N > 2 symmetry

constrains the A/ = 2 matter content. For example:

e An N = 4 theory has ny = ny + 1 because one N = 2 vector is part of the N' = 4
supergravity multiplet while each N = 4 matter multiplet is composed of one N' = 2
vector multiplet and one N’ = 2 hyper multiplet.

e The N = 6 theory: ny =7 and ny = 4.

e The N = 8 theory: ny = 15 and ny = 10.

The classification under N’ = 2 supersymmetry takes all matter fields into account except
for the N' — 2 gravitini and their superpartners. We refer to these as massive gravitini. A
massive gravitino multiplet has one gravitino, two vectors, and one gaugino. The two vectors
in the massive gravitino multiplet are minimally coupled vector fields. The background

graviphoton field couples the remaining fermions:

1 2 1
Egravitino = —E‘ll,ﬁ“ pVV\I’p - E)\’}/MVM/\ — Q_I{Q(QMF/YH)\ + hC) . (292)
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We found this action by reduction of N' = 8 supergravity [47] but other approaches give the
same result. As a check we verified that in AdS, x S? the fermion fields acquire precisely

the conformal weights demanded by the superconformal symmetry of the action.

2.4 N =2 Multiplet Heat Kernels

We will now compute the heat kernels of the quadratic fluctuations of the N/ = 2 multiplet
field content. The heat kernel coefficient formulae (2.36) are strictly in terms of local inva-
riants constructed from the background fields, so there are no issues in using the classical
equations of motion for the background fields to simplify these expressions. We will freely

make use of the Ricci-flat Einstein equation

1 1
R,uu = §Fuprp - gg,uquana s (293)

as well as the Schouten identity (given in equation (4.47) of [46])

~ ~ 1 ~
Fupb, = Fupb, = 29w Fpe P (2.94)

We will also use Maxwell’s equations and the Bianchi identity in the form
V*F,, =0, V'E,, =0, (2.95)
and the gravitational Bianchi identity
Rylvpo) = 0 - (2.96)

In addition, we will make extensive use of gamma matrix technology in 4D, using the con-

ventions from [46]. In particular, the identity

Yuvpe = _7;758;111;)0 (297)

will be very useful. Lastly, we can ignore total derivative terms in heat kernel coefficients

and so we freely integrate by parts. For example, we find that (up to a total derivative)

(Vo Eu)(VPER) = 2(V  F ) (VI FH)
— —2(V¥V,F,,)F" (2.98)
= —2([V,, V,JF"™)F," |
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where equality comes from the Bianchi identity, integration by parts, and Maxwell’s equa-
tions, respectively. The covariant derivative commutator acting on a rank-2 tensor then
gives

(Vo Euw)(VPF™) = 2R, F*" F" + Ry pe F" FP7 (2.99)

We note that (2.99) also holds if we replace F},, with the dual field strength F,,.

2.4.1 Elementary Examples

To see how the heat kernel coefficient calculations work in practice, we will do some explicit
calculations for a few elementary examples. The methods used naturally generalize for the

more complicated interactions analyzed in the following subsections.

Free Scalar Field

The Lagrangian for a free scalar field with mass m is
1 1 55
L=~ (0"0)(0,0) — 5o’ (2.100)

The ordinary derivative 0, is the same as the covariant derivative V,, when acting on scalar
fields so we can integrate by parts freely. In the language of section 2.2.4 the differential
operator A for this theory is

A=-0+m?, (2.101)

where A acts on the scalar field ¢. There are no terms in (2.101) linear in derivatives, so the

matrices I, w,, and F are
I=1, w,=0, E=-m>. (2.102)

The commutator of two covariant derivatives vanish when acting on scalar fields, and so the
curvature is zero

Q,, =0. (2.103)

Inserting this data into (2.36) we find the Seeley-DeWitt coefficients for a free scalar field to
be

(47m)az(x) = —m* (2.104)

180 (Ruvpo RMP7 — R, RM) .
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Free Spinor Field

The Lagrangian for a free Dirac spinor ¢ with a (real) mass m in four dimensions is
L=¢ OV, +m)y . (2.105)
The gamma matrices v, satisfy the standard commutation relation

{7M7 71/} = Qg,uz/]h ) (2106)

where [, is the identity matrix in our Clifford algebra, which we may suppress for notational
simplicity and re-introduce when needed. The action consists of a first-order Dirac-type
differential operator H= vV, +m acting on spinors. As is standard procedure [42,48], we

can define the determinant of a Dirac operator H as the square root of the determinant of

A A

HHT: .
logdet H = logdet HT = §log det HHT . (2.107)

It is therefore sufficient to compute the heat kernel of HHAT.

Let us now assume that our spacetime is even-dimensional and has Euclidean signature,
in which case our gamma matrices are Hermitian, yl = 7y,. With this choice, the operator
vV, is anti-Hermitian, (”y“VM)T = —y*V,,, and hence we find that the relevant second-order

differential operator acting on ) is
A=HH' = —A#"V,V, +m? . (2.108)
The covariant derivative acts on 1 by

1
Vb =040+ Z%bwzbw : (2.109)

ab
/J,’

indices, v* is shorthand for y%e#, and e” is the vierbein. Gamma matrix commutation

for the spin connection w®, where u, v, ... are curved space indices, a,b, ... are flat space

relations give
1 1
V., V.Y = ZL'VabR;wabw = 1V Ryt (2.110)

By breaking up v#4*V,V, into its symmetric and antisymmetric parts and using (2.110),
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we find that

YAY

- 1 1
5 (=577 (90 Ta) = 19, el ) 0

- 1
= (—D — g*y“”’yp"Rng + m2) 0 (2.111)

:z/?(—DJriRerZ)w,

where equality in the last line comes from using gamma matrix commutation relations and
the Bianchi identity R,p,p0) = 0.

A defined in (2.111) is of the Laplace-type form required in (2.32), and we identify I, w,,,
E, and Q,, as

1
I=1, w,=0, E=-m’ly, Q= ZWRMW : (2.112)

We can use gamma matrix identities to compute the traces of I, E, E?, and ,, Q" needed

for our heat kernel coefficients. The result is:

(47)%az(2) = 4m? , (2.113)

(4m)2ay(x) = —|2m* + % (=TRupe R*™P7 — 8R,, R™) | .
The overall minus sign on each of these heat kernel coefficients is put in by hand to account
for fermion statistics. We also note that this derivation assumed that 1) was a Dirac spinor.
Weyl and Majorana spinors have half the degrees of freedom of Dirac spinors, and so we
must divide these results by two if we want the heat kernel coefficients for Majorana or Weyl
spinors.

This derivation was done in a Euclidean spacetime in order to take advantage of Hermitian
gamma matrices. For Lorentzian spacetimes the spinor conjugation includes +°, which has
the effect of changing the boundary conditions on the conjugate spinor. We are considering
manifolds without boundary, so this change in boundary conditions is irrelevant and our

results naturally generalize to Lorentzian spacetimes as well [42].

2.4.2 Hyper Multiplet

A single N/ = 2 hyper multiplet contains two Majorana fermions and four real scalars. The

scalars are minimally coupled to gravity and massless, so we can use the free scalar result
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(2.104) with m = 0:

: (2.114)

1
(Ruvpoe RMP7 — R, RM)

T 45

The Lagrangian for the hyper fermions (2.91) mixes left-handed and right-handed fermi-
ons. We want to put this Lagrangian in the form of a diagonal Dirac-type Lagrangian to use

the procedure outlined earlier for fermionic heat kernels. We define the spinor
A = Pra + Pr¢? (2.115)

where P, = 1(1+15), Pr = 35(1 —~5). The hyper fermion Lagrangian can then be rewritten

as

- 1
£hyper - ¢A <_’YHVM5AB -+ ZFNV,YU‘VGAB) ¢B . (2116)

Though we have lost information about the chirality of the spinors, this Lagrangian is now

in the form of (2.105). That is, we can express the Lagrangian as

Liyper = baHapts (2.117)

where H4p is a Dirac operator acting on the spinors ¢4 by

A 1
Hup = —’Y“V#(SAB + Z—JLF#V’)/“DEAB . (2.118)

As with the free spinor field we now continue to Euclidean space, giving us Hermitian gamma
matrices vl = 7, and the spinor conjugate Py = w;. We can also choose the background

field F'* to be real. With these conventions, the Hermitian conjugate of Hyp is

2 1
H)\p = YV 045 + ZFW’YWGAB : (2.119)

40



The relevant Laplace-type operator that we will compute the heat kernel of is
Aap = HacH (T;B

1 1
= (_’YMV/ACSAC + ZFMV’VMVEAC) (7pVP5CB + ZF/W’VPUEC'B)

1 1 1
= <7M7VVMVV5AB - ZFuV’VMVPyprEAB + ZlfypvawfywjeAB + 1_6 uVFpaftu’YpaaAB)

1 ~ 1
= — |:D5AB + Fpu'}/uvpﬁAB + (éFMVF“nyE) — gFu,,F“V> 5AB:| ,
(2.120)

where equality in the last line comes from using (2.111) and (2.97), as well as noting that
V(Y Eu )V = (V) Flu )3 ” =0 | (2.121)

by the Maxwell-Bianchi equations (2.95).
From the form of A in (2.120) we identify the matrices I, w),, and P as

1

1 5
Ing =Wdap, (wu)as= <§Fuﬂy> €aB, Pap= 3 (FWFW% - FWF”V> dap . (2.122)

By Maxwell’s equations (D*(w,)p) = 0 so E becomes

1 -
Ban = Pas — (@) ac(@)on = ¢ <FWF‘“’75 + FWF’“’> San - (2.123)
The curvature 2, corresponding to the effective covariant derivative D, =V, + w,, is

() ap = [(Dy)ac, (Dy)cs]

(2.124)
= [V, Vuldas + (Viulwo)as) — (Vo(wu)as) + [(Wu) ac, (wi)cs]

We can use our expressions for [V, V,] and w), from (2.110) and (2.122), respectively, giving

1 1

1
(Qu)ap = (ZR‘“’W 3 WFW) Y7 dap + (—é’yprFw,) €AB - (2.125)

We can now compute all of the traces necessary for the Seeley-DeWitt coefficients. These

traces are tedious but straightforward to compute, so we will simply quote the results, noting
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that we use (2.93) and (2.99) to simplify when possible.

Tr I =8,

Tr E = F,, F* |

1 1 = 2.126
Tr B* = S(Fu F")" + S (Fu F*)° (2.126)

3
Tr Q,, Q" = =R, R"?" + 16R,, R" — 5(FWFW)2 :

We can use these quantities with (2.36) to calculate the Seeley-DeWitt coefficients for
the hyper fermions, making sure to add an overall factor of —1/2 to account for fermion

statistics and the Majorana condition. The result is

(4m)?ay ! (x) = —4

1
(4n)’ay () = — S Fu F*

2
1 45 45 -
~360 <—7RWPUR”’””" + 232R,,, R — Z(FWFW)2 + Z(FWF“”)Q

(2.127)
Adding up the bosonic part (2.114) and the fermionic part (2.127), the full hyper multiplet

(4m)%ay () =

heat kernel coefficients are

(47)%ag () =0,
1

(47)°ay (x) = =5 Fuw ™, (2.128)

1

(4mPafi(w) = o

3 3 .
(RW,,URWP" — 16R,, R"™ + Z(F,WFW)2 — Z(F,WJW)?) .

The ag(x) coefficient vanishes because any full multiplet has an equal number of bosonic and

fermionic degrees of freedom.

2.4.3 Vector Multiplet

The N = 2 vector multiplet consists of one vector field, two gauginos, and one complex
scalar. The gauginos are massless Majorana fermions that couple minimally to gravity, and

thus we can use (2.113) to find the vector multiplet fermionic heat kernel coefficients

(47)%ay ! (2) =0, (2.129)
1
(47)%a; (2) = = (= TRyupe R"™" — 8R,, R*) .
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The equations of motion for the bosonic content of the vector multiplet are given in

(2.86). We split the complex scalar z into its real and imaginary parts by
z=x—1y, (2.130)

where x is a real pseudoscalar field and y is a real scalar field. The bosonic Lagrangian for

these fields consistent with the equations of motion (2.86) is

1 1 1 1
—_ py 2 - wy 2 1%
Ly, Sfo 4(Vuy)(v y) + 4nyP — _163,/ F.F

1 ) ; R P L (2.131)
- Z(Vux)(v T) + fo;wF + 6% F,, F* — gxyFWF :

where f,, = V,a, — V,a, is the fluctuation of the background field strength F),,. As a
consistency check we note that on AdS, x S? (where FWF # = 0) this action is consistent
with equation (6.4) of [14].

We choose the Lorenz gauge V,a" = 0 by adding a gauge-fixing term to the Lagrangian

1
Lof = —Z(Vua“)Q : (2.132)

This gauge-fixing will introduce two anti-commuting scalar ghosts that will contribute to the
heat kernel with an overall minus sign. We denote {¢,,} = {y,x,a,} to be the bosonic field
fluctuations. Then, we can use Maxwell’s equations and the Bianchi identity to rewrite our

action in the Hermitian form required in (2.32), up to a total derivative, as

1
S = = /d‘*m/—g G AL D (2.133)
where
n uv nz 1 uv 1~ [V
— Ny O = a, (Og" — R*) a, +y D_ZFAWF y+x D+4—1FWF x
+y(F"V,) a+ ay (FV,) y + 2 (iF7V,) ay + 0, (iF#V,)x (2134)
+y (—iFWFW) T+ (—%FWFW) Y.

From (2.134) we can read off the matrices P and w,. And, since all of the terms in w, depend

on F,, or F,

ups (VPw,) = 0 due to Maxwell’s equations and the Bianchi identities. £ thus
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becomes

n 4 m n m v 1 y 1~ -
OB d™ = ¢y (P — wlw,), ¢ = ay, (—R“ + L FUOF, - ZFWFP) a, . (2.135)

The lack of any terms involving = or y in (2.135) was not a priori obvious but a consequence
of how terms in the action that coupled x and y to the background conspired to cancel.
There are six off-shell bosonic degrees of freedom for the fields {¢, }: four from the vector

a,, and two from the scalars « and y, giving Tr I = 6. From (2.135) we compute the traces

1 .
TrE:1 (FWFW_FWFMV> 7

1 1 S
Tr E* = R, R" — §RWFWF'; + §RWFM’FVP (2.136)
1 vo L - [ [ o 1 [ Vo
+ E(F“vap)(FwF )+ 1—6(F“"pr)(FWF ) — g(F”pFup)(FwF ) -

In order to compute the curvature we expand the commutator in (2.35)
(Qpa)% = [vpa VU]% + Q(V[pwo])nm + [wpv wU]Z’l ‘ (2'137)

The covariant derivative commutes when acting on scalars, but not for vectors, and so the
first term in (2.137) is

D[V, Vol d™ = a,[V,, V,]a* = a, (R, ) a” . (2.138)

vpo

The second term in (2.137) is calculated by applying the covariant derivative to w,. Using

the Maxwell-Bianchi equations to simplify we find that

1 1
an(V[ﬂwa])gngm =Y (_Z(VVFPU)) a’ + Ap <Z(v“Fpa)) Yy

. ‘ (2.139)

1 ~ v 2 ~

+z (—Z(VVFPJ)) a’ +a, (Z(VHFPU)> Y .
The last term in (2.137) is the product of w, and w,, antisymmetrized in p and o:

n m 1 Iz 1 n N v

Onlwp, Wo|m @™ = a, ZF[/)FJ}V — ZF[ﬂFa]V a’ . (2.140)
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Adding all of these components up, we find that

n m 1 L~ ~ v
Dn(Qpo) @™ = a, (R“VPU + ZFAEPFU}V - ZFlEpFU]V) a
1 . 1
+y (_é(vapU)) a’ +a, <§(VMFW)) y (2.141)

b (—%(vyﬁpa)) @ +a, <%(vuﬁpa)) Y.

Now that we have all of the components of €1,,, it is straightforward to trace over €2,,%7.

We will also simplify by using the Maxwell-Bianchi equations and (2.99). The result, up to
a total derivative, is

Tt Qpo 2 = — Ryuypo R 4 Ry (FPF, = P70, )
1 - - . - .
< (P2 (B )+ (BP9, (B ) = (Ey ) = ()2

43 (BB — (FU0F) (Fru b))
(2.142)
We now have all of the traces needed to calculate the Seeley-DeWitt coefficients for the
bosonic fields. However, our gauge-fixing also introduced two scalar ghosts into our system.
These ghosts do not interact with any of the bosonic fields and so their corresponding heat
kernels are those for two minimally coupled scalars (2.104). If we insert our traces into the
coefficient formulas in (2.36) and subtract off the ghost contribution, we find that:

(4m)?ag*(z) =4,

(4m)ay (@) = 7 (FuF* = Fu ) |
(47)2a)*(z) = ﬁ [ 1 Ryupo R + 86R R = 30R,,, (FHFY, — FU0FY,)
+ 2 (P0E) (Fuol) + 2 (P0F,) (FuoF)
- 2 B = 2 (B’
+ 5 (Bup) =B (pen,) (Bop) - 2 (P, (B 6 } |

(2.143)
Adding up the fermionic (2.129) and bosonic (2.143) contributions and using the Schouten
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identity (2.94) to simplify, the full vector multiplet heat kernel is

0
(may () = § (B — )
(4m)2aY (2) = 2—14 { — Ryypo R™ + 12R,, R" — 4R, (FMPFVP . Fw’ﬁwp) (2.144)
+(FIF) (o F7) + (P10, (B F)
_ % (Fu F™) — ;1 (Fuyﬁﬂ”ﬂ .

Our result for ay (z) disagrees with [43] in the special case of BPS black holes. However,
as(x) determines the quadratic divergences and encodes the renormalization of the Newton
constant. These quadratic divergences are scheme-dependent and unphysical. We will record

our results for as(x) in our heat kernel regularization scheme for the sake of completion.

2.4.4 Gravity Multiplet: Fermions

The gravity multiplet consists of the graviton, two Majorana gravitini, and the graviphoton.
We rewrite the Lagrangian for these gravitini (2.89) by using (2.97) to express v**#7 in terms

of v5 and the Levi-Civita symbol, resulting in

1 - 1 - ~
Loravitini = —2—H2\I’AM’YWPVV‘I’Ap + m\l’Au <F’“’ + 75FW> €aBV¥ny , (2.145)

where A, B = 1,2 enumerates the two gravitini species. The covariant derivative acts on the
gravitino field ¥/} by

1 a. v
mef\lfi + 10,0 (2.146)

for the spin connection w4’ and the Levi-Civita connection I', . The commutator [V, V,]

vV, ¥ =0,9 +

acting on U will be the sum of the spin and Riemann commutators

- _ 1
\IJA,,[V,“ V,,]\Ifi‘ = \Ipr (ngg’yaﬁRuyag + Rﬂypa) 048V By - (2.147)
The gravitini Lagrangian (2.145) is invariant under the SUSY transformation

1
0V, = <5ABVM - geAva"Fpgm) €B , (2.148)

for a spinor ep. This SUSY transformation acts as a gauge symmetry.
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We need the kinetic term of the gravitini to be in Dirac form in order for it to square
to a minimal operator. We use the procedure outlined in [49] and gauge-fix our action in
such a way that, when paired with a suitable corresponding field redefinition, the kinetic
term becomes Dirac-type. In particular, we choose the harmonic gauge for our gravitini

YW 4, = 0 by adding the gauge-fixing term

1 .
Lys = m(WAHW“)VVVu(WpWAP) : (2.149)

Then, we consider the field redefinition

1
(I)AM = \IJA,u — §’yu’yy\IfAl, . (2150)

Using gamma matrix identities and (2.97), it is easily verified that

_ - 1

(I)Aufyyvuq)i = \IIA,u <,Y/vay - ifyufyufypvu) \I]Ap )

T v 1= v [y 1 o v

(I)AMF‘U (I)Bz/ = i\I’A# Fr + ’75F1‘u + 5’7’) Fpgg“ \I’By s (2151)
3 N 1< uv [V 1 po uv
Dpy s DR, = §\I/Au F" + s B — 57 Foog" | ¥p, .

Therefore our full action (including gauge-fixing) can be written as

1 F, v
S=55 /d4m V=g &4, H D, | (2.152)
where '
Hiy = ="V ,g" dap + 3 (F“” + %F“”) €AB - (2.153)

Our action is now in the Dirac form required for our heat kernel methods. We note that the
overall normalization in (2.149) was chosen to enforce this; any other choice would result in
an action whose square is non-minimal [50].

As with the hyper fermions we now continue to Euclidean space, giving Hermitian gamma
matrices. The gravitino conjugate is ®,,, = CDLM, and we will again choose F'* to be real.

The Hermitian conjugate of H is

. 1 ~
Hﬁlg ="V ,9"0aB + 5 (FW — 75FW> €AB - (2.154)
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The relevant Laplace-type operator that we will calculate the heat kernel of is
v TN T v
Nip = HZC]L Hy’cp

1 - -
= ="V, Vog"oun + Z(FM + s FN) (FY = 45 E3)0as (2.155)

1 ~ 1 -
— E'ypVP(FW — 75F’W)€AB + é(FIW + ’yg,F“”)v”V,)eAB .

As with the hyper fermions, we can break the two-derivative term 77V ,V, into its sym-
metric and anti-symmetric parts and use the commutator given in (2.147). We will also
use the Schouten identity (2.94) and gamma matrix commutation relations to simplify this

expression. The result is

1 1 L~
Ny = = (O00as 4 7 By ban + (FEY = PR o
2.1
) ) | - (2.156)
+§’7p(vau )EAB — 5’}/’0’75(va“ )EAB .

In (2.156) there is no term linear in derivatives. This corresponds to w, = 0, and so the

matrices I and E are

-[ZII/;’ - H4g“y6AB ’

v 1 o v 1 v = [ v
EZB: (579 Rpau +ZLFH>\F>‘ —ZF/L)\FA )(5,43 (2157)

1 v 1 [V
+ (579 = 37V, ) ean
Since w,, = 0, the curvature €, of the connection D,, is given by the commutator in (2.147)

v 1 (o v v
(Qp0 )4 = <;ﬂ "Rooapg" + R, ) SAB - (2.158)

The relevant traces for our heat kernel coeflicients are
Tr I =32,
Tr E = —2F,, F" + 2F,, F" |
1 . .
Tr E? = 4R, 0 R'P7 + §(F“prp — FMPE ) (FuF"7 — Fu e F77) (2.159)

F2AVIER)(V,Ep) — AVPE™)(Y,F)
Tr 9,00 = —12R,,,,,0 R .
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We can now calculate the Seeley-DeWitt coefficients (2.36) for the gravitini in the gravity
multiplet, making sure to add an overall factor of —1/2 to account for fermion statistics and
the Majorana condition. We will also simplify the result by using (2.99) to rewrite (V,F,)?
and (V,)FW)Z in terms of the Riemann tensor and Ricci tensor contracted with these field

strengths. We end up with

8

(47T)2a%ravitini( ) _ —16 ’
(47T)2a§ravitini(x) _ FuyF“V . F/.LVF”V ’

(471_) 2airavitini (J}) —

o (212 yuip0 R = 2Ry R — 360R,., (F*7FY, — PP )

+180R,p (FH FP7 — FHVFP7)
HA5(FPF,, — FPPE, ) (F o F" — FWFW)> .
(2.160)
As noted in [14], the particular choice of gauge made in (2.149) induces the ghost La-
grangian

Eghost = zA/yuvuéA + gA’YMVMéA ) (2161)

where by, ¢4, and €4 are fermionic ghosts, with the same species index A = 1,2 as the
gravitinos. Since there are six different species of these minimally coupled Majorana fermions,
their contribution to the fermionic heat kernel will be —6 times the free spin-1/2 heat kernel
(2.113). The net fermionic heat kernel coefficients, including gauge-fixing and ghosts, are
af™ 7 (z) = a8 (1) — 6ay/*(x). The final Seeley-DeWitt coefficients for the fermionic

content of the gravity multiplet are thus
(47)%af™ (x) = -4,
(4m)%a§™" f(x) = F, F" — FWF“” ,
(47)2a8™ (1) = 3;0 <233RW,,UR“”W — 8R,, R™ — 360R,,(F*F", — F*"F")  (2.162)
+180R . po (FHV FP7 — [ FP7)
A5(FME,, — FP R, ) (F FY — FWFW)> .

2.4.5 Gravity Multiplet: Bosons

As discussed in section 2.3.2, the action for the bosonic content of the gravity multiplet

coincides with the Einstein-Maxwell action

S = 2R2/d4x\/_< 5 F“”), (2.163)
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where R is the Ricci scalar corresponding to the metric g, and F,, = V,A, — V, A, is the
background graviphoton field strength. We want to consider quadratic fluctuations about
the background and then compute the corresponding heat kernel. This calculation has been
done for Einstein-Maxwell theory [21], but we find it useful to go through it in detail.
Consider the variations
0w = hu , 06A,=aqa, . (2.164)

The fluctuations are the graviton h,, and the graviphoton a,. We will expand the action
(2.163) to quadratic order in these field fluctuations. The relevant second-order variations,

up to a total derivative, are

1 1
5 (V=9R) =v—g [ih’“’DhW — §h“u[lh"p + WY Ry + Ry RP,

1 4 1 14
+ Z(h”u)2R — "W R, — 5/1“ hu R
+ (V*h ) (VPh)) + (V“V”hw)hf’p} ,
(2.165)
v 14 1 14 1 lo}
8 (V=gFuF") = /=g [2 fun f* — 3 (h“ By — 5(hﬂﬂ)?) F,,F*
— 8WY fup b0 + 20, fu B + AR RE F o F 7
+ 2" P, F e — 2h“”h”pFwa"} ,
where f,, = V,a, — V,a,. We gauge-fix our theory by
1 ., 1o ., ) 1_ 1o
Eg.f, = _2_1%2 \Y% hup - §Vph 1 \Y% h,jo- - évah vl — 2_/£2(V (Iu) , (2166)

which picks out the harmonic gauge for the graviton (V*h,,, — %Vph“ﬂ = 0) and the Lorenz
gauge for the graviphoton (V*a, = 0). We use the background Einstein equations to sim-
plify the gauge-fixed quadratic action, which includes setting R = 0. Additionally, we let
Py — \/Ehw, so that the kinetic terms for the graviton and the graviphoton have the same

normalization. The resulting action is

1 v 1 v 17 g
S=53 / d*z\/—g {h“ by — SHE,00, + @ (Ogu — Ru) @ + 20 W7 Ry

1 1
— 20" h,,R’, — Zh“”hWFngp" + g(h"uprng” — WY F,,F, (2.167)
1

ﬁhpp Fou FM 4 27/21 fWpr} .
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We note that (2.167) is not in the required Laplace form needed for our heat kernel
analysis, due to the A" ,[Jh?, kinetic term. To fix this, we separate the graviton h, into its

trace h and traceless component ¢,, by defining

h=h" (2.168)

I

1

¢;w = h;w - Zg/u/h . (2169)

This decomposition is standard, as the fields h and ¢, transform under irreducible repre-
sentations of SL(2,C) [51-54]. The action becomes

S=g55 [dav=yg [cb“”mqs,w “hOh + a (Ogu — Ryw) @ + 20" 67 By
= 20" G, R, — ZW%FWFW = ¢ FupFuo = hyu R +2V26/" [,

(2.170)

The kinetic term for h has a negative sign. This is the conformal factor problem in gravity,
and results in an unbounded path integral for our theory. The resolution to this problem
is that the one-loop effective action can be made to converge by performing a conformal
rotation that takes the contour of integration for h to be along the imaginary axis [55-57].
We will also simultaneously rescale h to make the normalization of its kinetic term coincide

with those for ¢,, and a,. Therefore, we let
i
¢ = —§h ) (2.171)

and consider the action quadratic in the fields {¢,} = {¢.., a,, ¢}. The result is

S=— 22 d*x /=g o\ O™ (2.172)

where A acts on our fields by

1
_CbnA:'@Qbm — Qb,u/ (Dgﬂpg - IRH g + QRH v Z nggFATF)\T _ FH,‘)FV0> ¢Pa
+ay (Ogt, — RY,) @ + ¢06 + G (—iR") ¢+ ¢ (—iRys) 7
V2 , , , N 2.173
+ O <7<VNF” )+ \/§(Fa g, — F,"g" )V* | a* ( )

2
+a, (%_(V,,F’f,) +V2(F  gpo — ngpﬂ)va> o .
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We have adjusted total derivative terms to make A Hermitian. From (2.173), the matrices

P and w, are

1
¢np7’7n7,¢m = ¢MV (_2Rupgyo' + 2Rupya' - _gungUF)\TFAT - FupFl:j) ¢PU

4
a, (~R) @ + G (ZiR") 6 + & (—iRyq) ¢ (2.174)
V2 y V2 .
+ b (T(V#Fp )| a” +ay, T(VpF’Q) P,
n m \/§ v 14 \/5 g
On(wa)id™ = b (F."9", = F,"9"%) @ + =0 (F'ogoa = Faog,) ¢ . (2.175)
We now define the operator
nv 1 nwo v nw v 1 uv
Glr =5\ 959 + 909" = 59" 90 | - (2.176)

Ghy projects onto the traceless part of a symmetric tensor. In order to impose that ¢,, is the
traceless part of the graviton, we must use G to contract pairs of indices for any operator

acting on ¢,,. That is, if we have some matrix M acting on our fields such that
Gn M 0™ = G My, 9" (2.177)

then M? is given by
G (M), 8™ = 6, MEFGSI M2 (2.178)

We must also use GI when taking traces of these operators, i.e.
Tr M =G MY (2.179)
As an example, the identity operator I, acting on ¢, is defined by
On(Ig) @™ = G (9,9"5) "7 = Bt . (2.180)

Since ¢, is both symmetric and traceless, we expect it to have 10 — 1 = 9 independent

off-shell degrees of freedom. The trace of I, using G5/ to contract indices, is indeed

v v 1 v 1 v
Tr Ig = Gzzgupg p = Gﬁy = § (g'uug y + Egu‘ guy) = 9 . (2181)

Using the traceless projection operator (2.176) with our expressions for P and w, and
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the background equations of motion, it follows that w®w, and V*w, are

n m v v 1 v T g
gbn(wawa)mgb - ¢MV (_F‘L;)Fg - 2Rupg o - Zgupg UF)\TF)\ ) ¢P
(2.182)

3
+a, <—R“p — gg“pF,\TF)‘T> a’

On (Vo) 0™ = by (—%V*‘Fm) o +a, (%W@)) o (2.183)

Using £ = P — ww, — V%w, and adjusting total derivative terms to make F Hermitian, we

find that

VN oo 3 ]
OuEn ™ = By (2RE) 9 + a, <§guppmpx ) o

+ ¢uu(_iRMV)¢ + ¢(_iRpU)¢pa (2184)
+ Gy (g(vuppm) a +a, <§(v,,pfg)> o .

The traceless graviton ¢,, has nine off-shell degrees of freedom, while the trace ¢ has

only one and the graviphoton a, has four. Therefore,

Trl=9+1+4=14. (2.185)
From (2.184) it follows that
3
Tt B = SF, P
, 0 (2.186)

Tr E* = 3R R*P7 — TR, R"™ + ZRWMF’“’FP" + 1_6(F’“'FW)2 :
In order to compute the curvature 2,5 we expand the commutator in (2.35):
(Qap)im = [Vas Vil + 200 (Viaws) @™ + [was wsly, - (2.187)

The covariant derivative commutes when acting on ¢ but not when acting on a, or ¢,,. We

also account for the fact that ¢, is symmetric. So, the first term in (2.187) is

Pn[Va, Vﬁ]nm¢m = ¢uu[vav VB]QbW + au[vw Vﬁ]a“

’ (2.188)
= ¢W (2Rupaﬂgya) 7+ a“(Rlpaﬁ)ap )

The second term in (2.187) can be calculated by applying the covariant derivative to w, and
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simplifying with the Bianchi identity:

V2

¢n(v[aw5])nm¢m = Tgb;w <_VVFaﬁg'up - 2g“[ﬁVQ]Fp”> a’
V2 (2.189)
+ T(Iu (VgFaﬁgup + Q‘Qp[/gva]F“U) o7 .

Note that the covariant derivative is applied only to the background field strength tensors
in the above expression, and not to the fields themselves. The last term in equation (2.187)
is obtained by taking a product of w, and wg, antisymmetrizing, and simplifying with the

background equations of motion, giving

n m 1 v v v v
(bn[waa wﬁ]m¢ = §¢MV(FMPFQ 980 — F’upFﬁgga — Fa Fﬁag#p _ 2Rupga Jpo
1 v T o 1
= 1990 950 Far F) 07 + Sy (RS Gop + Ropgg — F',Fog) of (2.190)
—(a+p) .

We have all of the components of €2, and so it is straightforward to compute the trace of
2, Q" using the background equations of motion and Bianchi identities. The result, up to

a total derivative, is

9 27
Tr Q™ = ~TRyujpo R + 56 R0 R — 2 Ryupe P P77 — S (Fu PP (2.191)

The choice of gauge-fixing in (2.166) induces the ghost Lagrangian
Lhost = 20, (0g" + R* )¢, + 2b0c — 4bF*"'V ¢, (2.192)

where b, ¢, are the diffeomorphism ghosts associated with the graviton and b, c are the ghosts
associated with the graviphoton. For the purposes of computing the heat kernel coefficients
we can treat b,, ¢, as vector fields and b, ¢ as scalar fields. In order to make the kinetic term

in (2.192) diagonal, we make the change of variables

b,:i(bu—cu) ,:bu—l—cu b,:i(b—c) ,:b+c

If we insert these into (2.192) and adjust the total-derivative terms to make the action

(2.193)
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Hermitian, we find that

/d4x V=g [ (Og"™ + R™)c, + b, (g™ + R*)b, + 6’00 + ¢
(2.194)
— (b, —ic, ) F*"'V (b +ic) — (b+ ic) "V (b, — ic,)

We will now supress the ' on these terms for notational simplicity. From this action, we can

read off the matrices P and w, as

O™ = b, (R + ¢ (RY, )"
1 1 (2.195)
On(Wa)md™ = _§(bu —ic,)Fh (b +ic) — 5(() +ic)F,, (b" —ic”) .

The commutator of two covariant derivatives commutes when acting on the scalar ghosts

but not on the vector ghosts, so
gbn[vaa vﬂ]nmgbm =b (R Vaﬁ)by + CM(R zzaﬁ) . (2196)
Using (2.195) and (2.196) it is straightforward to compute E and 2,4 for the ghosts:

b,

B @™

/-\

RE)B + cu(R™ )"
RV + (Rl og)e = S (bu = e, ) (T Ea)b+ic)  (2.197)

(b+ic)(V, Fop)(b” —ic”) .

N)I»—t"\

Each vector ghost has four degrees of freedom, while the scalars each have one, giving
Tr [ =44 4414 1=10. The traces of E, F? and ,,Q" are

TrE=0, TrE*=2R,R", TrQ,0" =-2R,R"". (2.198)

The total Seeley-DeWitt coefficients for the bosons in the gravity multiplet are given by
inserting the traces in (2.186) and (2.191) (as well as the ghost traces in (2.198) with an

overall minus sign) into (2.36). The result is

()%™ ) = 4,

rav, 3 v
(4m)*a5™" (2) = S Fu F™ (2.199)
(47)2a8™0 (z) = 50 (199 Rywpo 77 + 26R,, R™)
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a8 () matches exactly with the result for Einstein-Maxwell theory given in [21]. As

mentioned there, it has no explicit dependence on the background graviphoton field strength,
although we would have obtained a different result if we had ignored the terms involving the
field strength in the action.

The full gravity multiplet heat kernel coefficients, with contributions from the graviton,

gravitini, and graviphoton fluctuations, are

()%™ (@) = 0.

5t S
(471')2 graV( ) _ EFHVFMV - FMVF;U/ ,
1 L
(47)%a§™ (z) = 21 (llRWp(,R“”f’“ + 4R, R" + 24R,,, (F" F", — FFPF") (2.200)

—12R,,, 0 (FM 7 — 1 Fec)
—3(FWE,, — U E,) (FuF" = FnF™7))

2.4.6 Gravitino Multiplet

By gravitino multiplet we refer to the additional N/ — 2 gravitini, referred to as massive
gravitini, and their superpartners in N’ = 2 supergravity. The N = 2 gravitino multiplet
consists of a (massive) Majorana gravitino, two vector fields, and a Majorana gaugino. The
two vector fields are minimally coupled to gravity, so the heat kernel coefficients (including

ghosts resulting from the standard Lorenz gauge-fixing) are well-known [41,42]:

(4m)%ag>"(x)
(4m)°ay " (x) =

(4n)°ay" (a) =

4,
0, (2.201)

1
o5 (18R R + B8R, R™)

The fermions in the gravitino multiplet are coupled together by the background gravip-

hoton field. The Lagrangian describing these interactions is given in (2.92) as
1 1
Egravitino = __\I/“,Y#VPV \I; - —/\’Yuv A— (\II F'Y'MA + )\f}/“F\I/ > s (2202)

where W, is the gravitino field, A is the gaugino field, and F= F w Y. We will proceed as
we did for the gravitini in the gravity multiplet and choose the harmonic gauge vV, = 0

by adding to our Lagrangian the gauge-fixing term

1 -
Lot = 550NV (T,) - (2.203)



We also make the field redefinition

1 1
b, =—V,— ——9,7Y, .
# \/5 a 2\/5’)/#7

Let {¢mn} = {®,, A} denote our fermionic fields. Then, the total action quadratic in these
fields (including gauge-fixing) is

(2.204)

1 .
S=— [ d'z/=goHo™ (2.205)
K
where
T m T AV I YAV \/§ - ) N AT
OnHL 0" = —B V0 = X"V = Y (8,00 + A FD,) (2.206)

The action (2.205) is in the Dirac form needed to employ our heat kernel methods, where H
is the Dirac-type operator acting on our fermionic fields.

From here, the story is familiar: we continue to Euclidean space, take A = HH . and
compute the heat kernel of A using all of our standard tricks. We will also include the ghost
contribution (see (2.161)) that results from our choice of gauge-fixing and subtract that from

the massive gravitino and gaugino contribution. The resulting heat kernel coefficients are

(4r?)ag>! (z) = —4
(4n)ay > (2) = —F, F™
1

(4m)a/ ™ (2) = == {1 13 Ry B07 = 8By, R = 15 Ry, (P F07 — v o) (2:207)

= B (B = (B |

Adding up the bosonic (2.201) and fermionic (2.207) contributions, the net heat kernel

coefficients for the massive gravitino multiplet are

(47%)ag*(2) =0 ,
(47%)a5 (x) = —Fu B,
1 .
(4n%)a(@) = 57 { 1 Ry RO+ 24 By R + Ry (P FP7 — o) (2:208)

+ 5 (B = () |
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2.5 Results

In this section we collect our results for the heat kernel coefficients of the theory and simplify
their form. We compute the corresponding logarithmic corrections to black hole entropy. We

discuss the significance of our results and the implications for Kerr-Newman black holes.

2.5.1 Cancellation of the c-Anomaly

The a4(z) coefficients derived in each N' = 2 multiplet are linear combinations of covariant

terms that each contain four derivatives
ay(z) = 01 Ry poe R*"P7 4+ 0o Ry R*Y 4+ a3 Ry pe MY FP7 + L (2.209)

for some set of numerical coefficients {a;}. We found it useful to keep F,, and F),, distinct in
section 2.4 but we will now simplify as much as possible by expressing the dual field strength
in terms of the Levi-Civita symbol and the field strength. We use the Einstein equation
(2.93), the Schouten identity (2.94), and derivatives of the field strength (2.99) to prove the

following identities®:

L 1 1
FROFY, = —FPF, + Sg" (FpeF?7) = =2B" + 2 g™ (Fpe )
R#upa(FWFpg - FWFPU) = SRWRW ) (2'210)
(F, F")? — (F,, F")? = 16R,,, R" .

These three relations are sufficient to rewrite all contractions involving the field strength in
our ay(x) results purely in terms of the Riemann tensor. This simplification is surprising
because it would not work for generic four-derivative terms. It was noted previously for the
bosonic content of the gravity multiplet [21].

From the argument above, we can write our ay(z) coefficients as

_c
1672

CL4(£L‘) W;wpawwlpa - E, ) (2211)

1672

for some constants ¢ and a, where the square of the Weyl tensor W, is

1
WoinpeWHP? = Ry po R — 2R, R* + §R2 , (2.212)

3In deriving these we assumed Lorentzian signature. The single time-like direction then gives an extra
minus sign when contracting Levi-Civita symbols.
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and Fj is the Euler density (also known as the Gauss-Bonnet term)
Ey= R, R"" — AR, R" + R* . (2.213)

In four-dimensional conformal field theories, the heat kernel coefficient a4(x) determines
the conformal anomaly of the theory, and the ¢, a constants can be identified as the central
charges of the theory. The a coefficient is typically interpreted as a measure of the number of
degrees of freedom in these theories, as it must satisfy certain monotonicity properties when
considering the RG flow of a CFT in the UV down to a CFT in the IR [58-61]. The situation
here is different, however, since we have a non-conformal theory that takes dynamical gravity
into account. The coefficients ¢ and a that we compute are therefore not subject to CFT
constraints, such as the conformal collider bounds [62-64].

We now take the a4(x) results from section 2.4 and use the identities (2.210) to rewrite
them in the form of (2.211). The results for the central charges of our theory (with a single
graviton multiplet, ' —2 gravitino multiplets, ny vector multiplets and ny hyper multiplets)
are listed in table 2.1.

Fields c a

Bosons | 5 (1374 12(N —2) — 3ny + 2ny) 35 (106 + 31(N = 2) + ny + ng)
Fermions | — g5 (137 + 12(N — 2) — 3ny + 2np) | 505 (—589 + 41(N — 2) + 11ny — 19ny)

Total 0 i(—11+11(/\/—2)+nv —nH)

Table 2.1: Central charges ¢ and a for the massless field content of a N > 2 supergravity
theory minimally coupled to the background gauge field.

As a check on these results we consider the special case of BPS black holes. The near-
horizon geometry for these spaces is AdS, x S?, with non-zero components of the Riemann

tensor

1 1
Ragrs = =55 (9angss = 9as9sy) » Rijkr = 55 (9irgst — 9uie) (2.214)

where / is the radius of curvature of AdS, and S2. (The indices «, 3,7, d refer to AdS, and

i, 7, k, [ refer to S2.) It is straightforward to compute the curvature invariants

8

W,uzxpaw'uypa - 0 y E4 = —£—4 .

(2.215)

If we combine these with the values of ¢, a found in table 2.1 we reproduce the sum of the
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bulk and boundary contributions (for bosons and fermions separately) computed in [43,65]
exactly.

The results for c¢,a in table 2.1 are fairly complicated when considering bosons and
fermions separately. However, the bosonic and fermionic values of ¢ for any full N' = 2
multiplet exactly cancel, giving ¢ = 0. By simultaneously considering quadratic fluctuations
of both the bosonic and fermionic fields in our theory, the c-anomaly vanishes for arbitrary

N = 2 multiplets. The entire one-loop result depends only on the Euler density Ej:

a

This cancellation would not be noticed for supersymmetric black holes, since W, ,, WP =
0 on AdS, x S? (2.215).

The cancellation of the c-anomaly is far from automatic. For example, ¢ does not vanish
in pure Einstein-Maxwell theory [21], or equivalently for the bosonic part of our NV = 2
supergravity multiplet. ¢ and a have been computed in many theories without dynamical
gravity but rarely do these computations yield ¢ = 0 [52,66-68]. For quantum field theories
that can be described via the AdS/CFT correspondence the canonical situation is ¢ = a in
the large N limit [69-73].

2.5.2 Black Hole Entropy

As discussed in section 2.2.6, the logarithmic dependence of the black hole entropy is governed

by
1
AS = 3 (ag + Cym)log A | (2.217)

where ay is the integral of the heat kernel coefficient a4(x) over the whole volume of spacetime,
and C,y, is an integer we add to account for zero modes [14, 15,20, 22]. Using our results

from the previous subsection, we find that the integrated heat kernel coefficient is

ay = /d4x V—gas(x) = —2ax , (2.218)

where y is the four-dimensional Euler characteristic

B 1
3272

% /d4x V—gE, . (2.219)
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If we insert (2.218) into (2.217) and employ the full value of the central charge a from
table 2.1, we find the logarithmic correction to the black hole entropy

1
AS = % (11 —11(N = 2) —ny + nH) log A+ 5Cymlog A . (2.220)

The logarithmic correction depends only on the Euler characteristic x (as well as the zero
mode correction C,y,). This result is important because x is a pure number that depends

only on the topology of the black hole solution and not on any black hole parameters.

2.5.3 Kerr-Newman Black Holes

The metric of a Kerr-Newman black hole parameterized by mass M, angular momentum J,

and charge (@ is

_r2+b2cos21/1—2Mr+Q2dt2+ r? + b? cos?
r? 4 b2 cos? ¢ 72 4+ b2 — 2Mr + Q?
| (PP oS )P 4 1) + (2Mr — QYRS
r2 + b% cos?

ds® =

dr? + (r* 4 b? cos® 1) dyp?

2(Q% —2Mr)b .
dtd
r2 + b2 cos? ¢ sin"y atdg
(2.221)
where b = J/M. The horizon is located at
rg =M+ /M2~ Q2 — 12, (2.222)
and the inverse temperature 5 = % is
_ 2rM 2 2 1_ 2 20)2
ﬁ_\/M‘i—J?—M?Q?(QM —Q +2\/M—J—MQ). (2.223)

After Euclidean continuation ¢ — —i7 and interpreting 7 as a periodic coordinate with

period § one can show that [20]

T8Q"

d4 — ng,uvpcr: 4 2
/ TN =g W 64m +—b5r§{(62+r§{)

{4657"1{ +20°7%,
b (2.224)
+3(b* —72%)(b* +r3)* tan ™! (—) + 3br?{] .
rH
This expression can be recast as a complicated function of two dimensionless ratios, e.g.

Q/M and J/M?. In the extremal limit M? = b? + Q? the expression depends on only one
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of these ratios, but still in a very non-trivial way [21]. In contrast, the integral of the Euler

density is a pure number
1

T

X

/d4x V—gEi =2, (2.225)

for all values of the dimensionless ratios.

For generic field content the coefficient of the logarithmic correction to Kerr-Newman
entropy resulting from (2.211) depends on the Weyl invariant and thus on all of the black hole
parameters through the complicated expression in (2.224). Our result in (2.220), however,
demonstrates that when these black holes are interpreted as solutions to N' > 2 supergravity
there is dependence only on y and thus the logarithmic corrections to Kerr-Newman entropy

are universal:

1
AS = D ((11 + 6Cm) — 11N = 2) —ny + nH) log A . (2.226)

The correction due to zero modes C,, depends on the setting. Some important examples

are:

e BPS black holes: C,,, = 2 [14]. The background is spherically symmetric and pre-

serves supersymmetry, giving rise to translational, rotational, and SUSY zero modes.

e Extremal rotating Kerr-Newman: C,,, = —4 [22]. The angular momentum breaks
two of the rotational isometries and the background no longer preserves supersymmetry,

leaving translational modes and one rotational mode.

e Non-extremal rotating Kerr-Newman: C,, = —1 [20]. The zero mode counting
is the same as for the extremal case except with an additional correction due to the

finite IR volume of integration.

For completeness we review the computation of C,,,, in Appendix A.
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Chapter 3

Kerr-Newman Black Holes with

String Corrections

3.1 Introduction and Summary

Most precision studies of black holes in string theory are carried out near the BPS limit where
supersymmetry guarantees control. It is thought that various corrections become unwieldy
far from this limit. Curiously, most discussions of the black hole information paradox are
carried out in the opposite limit of Schwarzschild black holes since their geometries are the
simplest. It is thought that this is sufficient to gain universal insights. Few details on the
implied interpolation between the BPS and Schwarzchild limits are known.

In this chapter we construct families of black holes that interpolate between these limits
while taking certain string corrections into account. We find that the string corrections are
surprisingly manageable. The simplifications we report are due to supersymmetry of the
theories we consider. Importantly, they persist even though the black holes we construct
generally do not preserve any of the supersymmetry.

A convenient starting point for connection with studies that are not motivated by string

theory is the 4D Einstein-Maxwell theory

1 1
L=——|R+-F,F") . 3.1
s (R Fr™) (3.1)
We primarily consider the standard Kerr-Newman family of solutions that includes BPS
black holes and Schwarzchild black holes as special cases.

A simple way to add higher-derivative terms to this theory is to consider the Gauss-

Bonnet density
Lo =aF; =« (RWURWP" — 4R, R" + RQ) . (3.2)
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This term is topological so the equations of motion are unchanged and therefore solutions
remain the same. Black holes nevertheless have a different entropy in the modified theory
because the Wald entropy formula depends on the action [31,32,74].

Generally other linear combinations of the curvature invariants are much more compli-
cated. The Weyl invariant

1
Lweyt = YW pe WHP? = (RW,MR“””” — 2R, R" + §R2) , (3.3)

introduces the Bach tensor into the equations of motion which are then difficult to ana-
lyze [75,76]. In this work we are inspired by string theory and consider higher-derivative
theories of gravity with N' = 2 supersymmetry. In particular, we will study the supersym-
metric completion of (3.3) that takes the schematic form (made precise in equation (3.49)
below):

La—s weyt = NW? + 1 Ft + 3 WE? + ..., (3.4)

with various contractions of the tensors. In this case the equations of motion are even
more complicated and it is not clear from the outset that it is realistic to solve them. We
find that, surprisingly, any solution to Einstein-Maxwell theory automatically solves the full
theory with A/ = 2 supersymmetry. This will allow us to study generic non-supersymmetric
solutions in the presence of higher-derivative corrections.

These higher-derivative corrections modify the Wald entropy of Kerr-Newman black ho-
les. It turns out that the combined contribution from all the terms in the supersymmetrized
Weyl invariant (3.4) is precisely the same as the modification due to the Gauss-Bonnet den-
sity (3.2) alone. In particular, the contribution from higher-derivative terms is topological.
It is therefore independent of black hole parameters and can be extrapolated arbitrarily far
from the BPS limit with no change.

The supersymmetrized Weyl invariant (3.4) commonly appears in low energy effective
actions; in particular, it arises when massive string modes are integrated out [35, 77, 78].
The terms we consider are string corrections in this sense. Our result indicates that string
corrections are milder than previously suspected.

Massless modes running in virtual loops offer a related quantum mechanism that gives
higher-derivative terms at low energy. In chapter 2 we studied the logarithmic corrections to
Kerr-Newman entropy due to such effects. In general these logarithmic corrections are very
complicated but upon embedding of the Kerr-Newman black hole into a theory with AV > 2
supersymmetry they greatly simplify and become independent of the black hole parameters.

The two classes of corrections we have considered both show that black hole entropy

depends greatly on the setting. In an environment with A/ > 2 supersymmetry there are
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considerable simplifications even for black holes that do not themselves preserve any su-
persymmetry. Indeed, several of the corrections to the entropy that have been analyzed
precisely in the BPS limit do not depend on black hole parameters at all and so apply far
off extremality. This result raises hopes that the entropy of non-supersymmetric black holes
can be understood precisely in a microscopic theory.

This chapter is organized as follows. In section 3.2 we present a simplified summary of
off-shell N' = 2 supergravity. In section 3.3 we study minimal supergravity with higher-
derivative corrections in the form of a supersymmetrized Weyl invariant and derive the full
equations of motion for the theory. In section 3.4 we embed arbitrary Einstein-Maxwell
solutions into our minimal supergravity theory and show that all fields are unchanged, even
for solutions that do not preserve supersymmetry. In section 3.5 we show that taking the
extremal Reissner-Nordstrom limit of these solutions yields a %—BPS geometry, even in the
presence of higher-derivative corrections to the BPS equations. In section 3.6 we study
properties of black holes in our embedding and find that the correction to the black hole
entropy is topological and independent of black hole parameters. We then go on to discuss

our results and potential implications for microscopic models of Kerr-Newman black holes.

3.2 Higher-Derivative N = 2 Supergravity

Higher-derivative interactions can be consistently introduced into 4D N = 2 supergravity
using the off-shell formalism, the details of which have been studied exhaustively [38,79-82].
We review some technical details in appendix B. In this section we present a more elementary

and accessible discussion of N' = 2 supergravity with higher-derivative corrections.

3.2.1 Field Content

We focus on the bosonic fields in N = 2 supergravity. The physical N' = 2 gravity multiplet
contains the metric g,, and a U(1) graviphoton field. We further couple this theory to ny
physical N/ = 2 vector multiplets, each comprising a U(1) gauge field and a complex scalar.
The version of the off-shell formalism we employ realizes this coupling by introducing ny + 1
vectors WJ and ny + 1 complex scalars X', where I = 0,...,ny. One of the complex scalars
can be removed by symmetries and does not correspond to physical degrees of freedom.
Without loss of generality, we can choose the auxiliary scalar to be X°, and we will index
the physical vector multiplets by a = 1, ..., ny. The remaining gauge field WS gets combined
with the metric to form the AN/ = 2 gravity multiplet on-shell.

The complete formalism based on realization of superconformal symmetry contains many
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other auxiliary fields that must be carefully considered. However, for our purposes we can
consistently set most of these fields to zero at the level of the action. The only ones we must
retain are a U(1)g vector field A,, an anti-self-dual antisymmetric tensor T, and a scalar
D that all belong to an off-shell N' = 2 Weyl multiplet with the metric.

We summarize this discussion with a list of fields, from both the off-shell and the on-shell

perspectives, in table 3.1.

Physical Field Content

Gravity multiplet: g, , WS

Off-Shell Field Content

Vector multiplets: W¢, X
Weyl multiplet: g, , A, , T, , D

we (a=1,...,ny)

Vector multiplets: W/, X'
(I:O,...,nv)

Auxiliary Fields
X A,,T,,D

py

Table 3.1: Summary of the field content in the N' = 2 supergravity theory. The ny + 1 off-
shell vector multiplets are indexed by I, while the ny physical vector multiplets are indexed
by a.

3.2.2 Definitions and Notation

We will denote the field strengths of the U(1)z gauge field A, and the ny +1 vector multiplet
gauge fields W as

A =0,A,—0,A Fl,=0W,—0,W|. (3.5)

vl

The self-dual and anti-self-dual parts of these field strengths are

1 - 1 3
At =S (Awx Au) . FE =S (FLEFL) (3.6)

where the dual field strengths AW and F 'l in our conventions are

A i o nll v ol
uy = _§5uup0'Ap s FMV == _§Euupo‘Fp . (37)

We denote antisymmetrized and symmetrized indices by

) = S =) . () = &+ ) (3.5)
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To make it manageable to present equations in the following work we define the composite

fields

1.
-1 _ -1 Ip—
Fow =F,, — ZX T
A =T, T,
Froy = =16 (WyupoT 7 + DT, + 204, T, ") (3.9)
C =32 (WW,MW“”’” W pe WP 4 6D — 24, A + 2A,,, AP
1 —pv + 1 -ty 1 — m—pvp+ ptpo
—5 T DT 4 (RAT T 4 o T T T T )

where the dual to the Weyl tensor is

Wopo = %eWATWPW . (3.10)
The composite fields have significance in the underlying superconformal multiplet calculus.
However, in this chapter we take a low-brow attitude (for simplicity) where they represent
nothing but notation for combinations of fundamental fields, both physical and auxiliary.
We define the supercovariant derivative D* which acts on a field ¢ with chiral weight ¢
by
Dty = (VH —icA*) ¢ (3.11)

where V* is the ordinary covariant derivative. The only (non-composite) fields with non-zero
chiral weights are the scalars X! and the anti-self-dual tensor T, The fields X I and T
have chiral weight ¢ = —1, while their Hermitian conjugates X’ and T /Z/ have the opposite

chiral weight ¢ = +1. The supercovariant derivative acts on these fields via
DrXT = (V' +iAMXT D'T, = (V' +idMT,, . (3.12)

The scalar operators D*D,, and V¥V, are both useful. They are distinguished by the
notation

D*=D'D,, O=V'V,. (3.13)

To summarize, we present all of the fields and their corresponding chiral weight ¢ (which
determines how the supercovariant derivative (3.11) acts on the field) in table 3.2. We will
need to find the equations of motion for all fundamental fields, both physical and auxiliary,

but not the composite fields; those are defined for notational reasons only.
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Fundamental Composite

A

Field Gw | WI X' A | T, | D | Fu | A E, | C

Chiral weight | 0 O |-1]0]-110 0 |—-2|-110

Table 3.2: Summary of the fields (and their corresponding chiral weight ¢) in our theory.
The conjugate fields have opposite chiral weights.

3.2.3 Prepotential

The interactions of N/ = 2 supergravity coupled to vector multiplets can be specified suc-
cinctly by a prepotential [83-85]. In the two-derivative theory, the prepotential is a meromor-
phic function of the complex scalars X?. A large class of higher-derivative corrections can
be incorporated by considering generalized prepotentials that are functions of A= T

as well. We will denote the prepotential by

~

F=FX!A). (3.14)

The derivatives of the prepotential are denoted

oF OF
— = — =Fy4 . 3.15
aX[ I aA A ( )
The prepotential is holomorphic, so
Fr=F;=0 (3.16)

The prepotential is homogeneous of degree two under weighted Weyl transformations
where the scalar fields X7 and A = T, T~ have Weyl weight w = 1 and w = 2, respectively.

Thus, the prepotential satisfies the homogeneity relation

Fi X' +2F A =2F . (3.17)

3.2.4 Action

We can now present the bosonic part of the N’ = 2 supergravity action as

S = /d% vV—gL, (3.18)
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with )

87L = —=(Fy X' — F;X")R+iD"F;D, X" + h.c.

[\

+ (SR F F o - %FJJJTW - 32—2FTM+VT+’“’ (3.19)

S

0

SFaFu F + %FAG + %FAAF/;F*W +he.,

_|_

where F,/, A, F;, and C are the composite fields defined in (3.9), and F = F(X', A) is
the prepotential discussed in section 3.2.3. Any solution to the equations of motion of this

action must also be subject to the constraint

which arises from making sure that the auxiliary D-field equation of motion is consistent
with the other equations of motion.

The coefficient of the Ricci scalar in the action is determined by the Kahler potential
e M =i (X' - FX) . (3.21)

At face value this means the metric is in a non-canonical frame since the Ricci scalar norma-
lization depends on the fields X! and A. However, the theory is invariant under a local Weyl
symmetry that acts as a gauge symmetry and constrains the scalars X! such that only ny
of them are independent. In particular, we can gauge-fix our theory and choose one of the
scalars such that the Kahler potential is constant. The low-energy action will then reduce

to an Einstein-Hilbert action coupled to matter.

3.3 Minimal Supergravity with W? Corrections

In this section we specialize to minimal supergravity, where gravity is coupled to a single
vector field, with higher-derivative corrections in the form of a supersymmetrized W? term.
We will present the prepotential and action for the theory and derive the full equations of

motion.

3.3.1 Prepotential and Action

Following the discussion in section 3.2.1, the field content for a theory with ny = 0 physical

N = 2 vector multiplets is as follows.
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There is a Weyl multiplet containing the metric g,,, and a single vector multiplet contai-
ning a physical U(1) gauge field W, and a complex scalar X. The complex scalar field will
eventually be gauge-fixed, leaving no physical scalars. The off-shell formalism reviewed in
section 3.2 (and appendix B) further requires that our theory contain the auxiliary U(1)g
vector field A, the auxiliary scalar D and the auxiliary antisymmetric tensor 7. The
Lagrangian will be a function of all these fields.

The prepotential in the minimal theory is a function only of the complex scalar X and
the composite field A= T, 77" In this chapter we focus on four-derivative corrections to
minimal supergravity, which corresponds to a term in the prepotential that is linear in A.
Higher powers of A will give rise to corrections with at least six derivatives. The homogeneity

(3.17) and holomorphicity (3.16) conditions require the prepotential take the form
F(X,A) = —%X2 —cA, c=ctineC. (3.22)

We can now specialize the full bosonic Lagrangian (3.19) to the minimal supergravity case

defined by the prepotential (3.22). Dropping all total derivative terms, we find

_ 1 1 _

87L = —|X[*R +2D" XD, X + L F F™ — JF (XTH + XT7)
1 | o vpo

+ 3 (XPTHTH + XPT, )T~ + 32¢, (WW,,(,W“ 7 +6D?

. . (3.23)
— 24, A" + S (DT )(D'T,) + L RY T, T

1
— T T~ Tt ),
* 512" re )

As we discussed in the general case, any solution is also subject to the constraint equation
D= —%R.

The coefficient of the Ricci scalar is determined by the complex scalar X. As we noted in
section 3.2.4, the local Weyl symmetry of the action allows a gauge where X is an arbitrary
constant. We will eventually assign it the conventional numerical value but for now we keep
X as an independent field.

For ¢y = 0 our minimal N/ = 2 supergravity Lagrangian (3.23) reduces to the standard
two-derivative minimal supergravity, albeit presented in a somewhat unfamiliar form. The
new terms are collected in the bracket preceded by the factor 32¢,. They include first of all
an explicit W, ,cWH#?? term, as we wanted, but there are many other terms as well. We

interpret the entire expression proportional to ¢, as the N’ = 2 supersymmetric completion
of W pe WHP?.
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In the off-shell formalism the auxiliary field T}, is an antisymmetric tensor, a fundamental
field. From this point of view the supersymmetric partners of W, ,,W#*? all contain at
most two derivatives. This presents a conceptual advantage because it simplifies the initial
value problem. On the other hand, in the context of explicit solutions 7, will coincide with
a gauge field strength, with one derivative acting on a gauge field. We will additionally take
D? = A,, A" = 0 consistently. Therefore the supersymmetric partners of W, W"*? will
all represent four-derivative terms on-shell.

The coefficient ¢y was introduced as the imaginary part of the coupling constant ¢ =
¢1+ic in the prepotential (3.22). All dependence on the real part ¢; has dropped out, because
c¢1 couples only to total-derivative terms such as the Chern-Pontryagin terms *W,, ,, W#"*?
and AWA’“’. We omitted such terms from the Lagrangian since they do not contribute to

the equations of motion.

3.3.2 Equations of Motion

Many previous studies focused on BPS solutions that preserve the full A/ = 2 supersymmetry,
or at least %—BPS solutions that preserve a residual N’ = 1 supersymmetry. Such solutions
are greatly constrained by relatively simple BPS equations and so it is sufficient to consider
a small subset of the equations of motion. We are interested in solutions that explicitly
break supersymmetry, and so we need to derive and solve the full equations of motion for
the Lagrangian (3.23).

The only D-dependence in the Lagrangian is the D? term, and so the D-equation of
motion forces D = 0. When combined with the constraint equation (3.20), this forces us to

consider solutions with vanishing Ricci scalar

R=0. (3.24)
We compute the equations of motion for the matter fields X, T, W,, and A, to be,
respectively,
2 v 1 1 + +uv
0=DX + - —F ——XT T
2 8
- 1_
0=X ~XT,, 1281) DT 4+ T T T+ — GAR? T+) ,
4 vlp pv = po ™ vlp (3 25)

1 1
— + - + -
0 =D+ (FW + FW — §XTW — §XTW> ,

0=XD'X — XD"X + 8¢, (IT""D’TS, — T™D'T,, — 16/D,A™) .
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The field strength F),, must also satisfy the Bianchi identity DHE w = 0 which we express as

D+ (F/j/ — Fljy) =0. (3.26)
In order to derive the Einstein equation, we first rewrite the minimal supergravity Lagran-
giann (3.23) as
1
L= —8—|X|2R+£(2) + LW (3.27)
™

where £?) is the Lagrangian for the two-derivative matter terms

1 o1 1 _
£ = 5 | 2D X DX + JFu P = 2F (XT + XT™™)
(3.28)

1 _
+ 3 (X*ThT + XPT, T |

while £® contains all of the four-derivative terms present in the supersymmetrized Weyl

invariant
(1) _ de pvpo 2 . —pv\ (pPT+
LW = — WowpeW +6D° — 24, A" + §(DMT (DPT,)
1 . (3.29)
— v — —pv i+ m+po
—l—ZR’“”VTMpT P+ ETWT TP ) )
The Einstein equation can now be expressed as
L xp 1 () 1)
E|X| Ry, — §9WR =T, +T, , (3.30)
where T;E,z,) is the energy-momentum tensor for the two-derivative matter
2 0 (y/—gL? 1 _ _
T = WoILR) L o0, X)(D, %) — g0 (D, ) (D)
ToVme o Am (3.31)

ppt v pp v pp= v

1 _
tELE =5 (XELTN + XFLT) |
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while T,Sﬁ) is the energy-momentum tensor for the four-derivative parts of the action

SN YT

8 4 1
- % (4RWRJ’ = guRpo R = SRy R+ 29, R* = 2D°R,,

1 4
+4D"D,R,, + 3 9uD’R — 529“2),,}2 —4A,, AL + gu A AP

1 1
- - DT D, T+ =(D,T,, ) (D, T
491“’( pT)( o )+ 2( © Vp)( o ) (332)

1 Y 1 NP
+ §(DMT;;)(DUT ”) + Q(DPTW)(D )

1 — m—po T 1 — T 1 — o
+ @guvaaT P TTJC\T+ A 29w RpeT, )"+ ERupTuaTer

8 pT O
1o 1 e e
+ ZRP T, T+ ZDpDH(TWT*" ) — g292(7_1”)7# P)

1 —pT loa
—ggm,DpDU(T Tt T)) :

In summary, we have shown that any solution to our minimal supergravity theory must
satisfy the matter field equations of motion (3.25), the Bianchi identity (3.26), the Einstein

equation (3.30), and must have a geometry with vanishing Ricci scalar R = 0.

3.4 (Non-Supersymmetric) Einstein-Maxwell Solutions

In this section we embed arbitrary solutions to Einstein-Maxwell theory into the mini-
mal A/ = 2 supergravity theory (with a supersymmetrized W? correction) presented in
section 3.3. The matter fields of the higher-derivative gravity are specified in terms of the
matter in the Einstein-Maxwell theory. The geometry that supports the Einstein-Maxwell

solution is unchanged when considered as solution to higher-derivative gravity.

3.4.1 Einstein-Maxwell Theory

The starting point is the standard Einstein-Maxwell theory

1 1
L=—55 (R + ZFWFW> : (3.33)

where ? = 8r(G. We are using boldfaced symbols g,,,, R, and F,, for the metric, Ricci
scalar, and electromagnetic field strength in Einstein-Maxwell theory in order to avoid any

confusion with related quantities in the higher-derivative supergravity Lagrangian (3.23).
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Any solution to Einstein-Maxwell theory satisfies the Maxwell equations and the Bianchi

identities, which we package together as the Maxwell-Bianchi equations
+ _
V*F,, =0, (3.34)

where the self-dual and anti-self-dual parts of the field strength are defined using the con-
ventions in section 3.2.2. The geometry and the matter fields are related by the Einstein
equation

1
R, —-g,R=—F, F". (3.35)

9 wpt v

We are particularly interested in Kerr-Newman black hole solutions but our embedding will

apply to any solution of Einstein-Maxwell theory.

3.4.2 Embedding

Starting from a solution to Einstein-Maxwell theory we specify the matter fields in the
higher-derivative theory as
vVam

1
X=-—, A,=0, T,=4F,,, F,=-XT

+ +
- £ JXTi = XFy, (3.36)

As mentioned previously, the geometry is unchanged.
The numerical value of X is such that the Ricci scalar term in the Lagrangian (3.23) is
normalized correctly

1
£_—@R+... : (3.37)

By choosing A, = 0, the supercovariant derivative operator D" reduces to the ordinary
covariant derivative operator V.

It is rather straightforward to show that all the matter field equations of motion (3.25) are
satisfied by the matter (3.36). Since F7, is divergence-free by the Maxwell-Bianchi equations

(3.34), T, must be divergence-free as well
+ _
VITE =0 (3.38)

Since X is constant and A, = 0 the final equation in (3.25) follows. We also have V#*F jj =0
(since X is constant) and so the gauge field equations in the third line of (3.25) are satisfied.
The scalar equation of motion is satisfied because X is constant, the geometry has R = 0,

and the matter satisfies

1
Ii;:ﬂi—ZXZi:O. (3.39)
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The equation of motion for the antisymmetric tensor 7,,, is slightly less obvious. It is satisfied
due to the following identities for (anti-)self-dual tensors in 4D:

TP + T4, = 46T T

wo vt )

+ -y
THT" =0. (3.40)

At this point we still need to verify the Einstein equation (3.30). It is important to note
that the only dependence on ¢y is in the four-derivative energy-momentum tensor T,Sﬁ) and
not in any of the two-derivative terms. Since we claim the embedding works for any value
of the constant cs, the two-derivative and four-derivative terms must cancel independently.

The original Einstein equation (3.30) therefore becomes two separate equations

1 1
E|X|Z (RW — égwR) =72 and T =0. (3.41)
The energy-momentum tensor Tﬁ), given in (3.31), simplifies greatly due to the embedding

(3.36). The two-derivative part of the Einstein equations (3.41) becomes

1
Ru = 50wR = ~FF," . (3.42)

pp™ v
We recognize this equation as the original condition on the Einstein-Maxwell geometry (3.35).

Taking the trace of this expression yields
R=0, (3.43)

as required by the constraint equation (3.24) coming from the auxiliary D-field.
The four-derivative part of the Einstein equations (3.41), with T,E?,) given in (3.32), beco-

mes

4 1
— §R,WR + ggWR? —20R,,
1 4

+4V*V, R, + ggWDR — gVHVVR

1
+ ZQWF;aFipUFjAFHA - 29uvaUF;rF:T +8R,,F,,F

+ARCE, Fi 44V, V,(F, F7) — 20)(F, F*7)

p vo

—20,,V,V,(F 7 F_)

0=4R,,R} — g Rpo R

(3.44)

upon insertion of the embedding (3.36). It is not immediately obvious that it is realistic
to solve this equation. However, repeated use of R, = —F F,” in (3.44) and careful
simplification shows that it is in fact satisfied identically.

In summary, we have verified that our embedding (3.36) generates a solution to the
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higher-derivative theory for each solution to the original Einstein-Maxwell theory. This
result relies on supersymmetry of the theory, as the action we consider is far from arbitrary.
However, the solutions do not generally preserve any supersymmetry.

As a check on these results, we consider the special case of extremal Reissner-Nordstrom
black holes. We have verified that the BPS equations derived in [81,82] are satisfied by
our embedding (3.36) for extremal Reissner-Nordstrom geometries. This is expected, since
these geometries are known to be %—BPS domain walls that interpolate between the N =
2 supersymmetric AdS, x S? geometry at the horizon and the N' = 2 supersymmetric

Minkowski spacetime at infinity.

3.4.3 Simplified Lagrangian

Having showed that the embedding (3.36) satisfies the fairly complicated equations of motion
for minimal supergravity with higher-derivative corrections, it is worth understanding why
this is the case. We do so by introducing a simplified effective Lagrangian that captures the
same dynamics as the original Lagrangian (3.23) within the context of our embedding.

As a first step we can consistently eliminate the auxiliary fields D and A, by setting both
to zero at the level of the action. We can then use properties of (anti-)self-dual tensors in

4D (3.40) to express the simplified Lagrangian as

1 o1 1 ?
87 Lonune = ~|X[PR — [ 4 0VIX VX + (F; - ZXT;V> he
1 1
vpo -ty — m—pv i+ +po
+ 326, (WW,W“ 7 LR T T T T (3.45)
1 — v
(v, )(VﬂT;;)) .

We now want to eliminate the auxiliary fields X and T}, from the action by replacing them
with their ansatz in the embedding (3.36):

x4 A (3.46)

v T =gt
at the level of the action. We can see from (3.45) that X is sourced by the Ricci scalar,
which vanishes for Einstein-Maxwell backgrounds, and F}},— X T/}, which vanishes in (3.46).

Similarly, T, is sourced by F, — iX T, and various other terms that vanish for Einstein-
Maxwell backgrounds. The elimination (3.46) is therefore consistent with the X and T,

equations of motion and can be implemented at the level of the action.
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To make the normalization simpler we also rescale the vector multiplet field strength by

VAT

F,ul/ — _F,ulz . (347)
K
After these simplifications we find
1 1 v 462 Voo _ v
Etrunc = _ﬁ (R + ZLFHVF# ) + ? (W/ﬂ/pa'WM P + 4RH1/F,upF+ L
1 (3.48)
+ 5 IIVF_“”F;FJ”’” + S(VMF_“”)(V’)FPJ;)) :

This form of the Lagrangian expresses the intuitive notion that our theory is ordinary
Einstein-Maxwell theory with addition of a supersymmetrized Weyl invariant that includes
mixings between the electromagnetic field strength and the Riemann tensor. Any solution
to the truncated theory (3.48) will automatically be a solution to the minimal supergravity
theory (3.23).

Our black hole solutions imply that the supersymmetrized Weyl invariant

1
_ vpo - v ~ PRt pteo
L= Weyl = WuupaW“ 77+ 4RHVFM>F 7+ §F“”F ' FPUF ’ (3.49)
+8(V, F ) (VPES)

can be included into the Einstein-Maxwell action without consequence to the geometry or

the field strength. To understand this claim we rewrite W, ,, W#***? in terms of the Gauss-

Bonnet density F, as

2
WopoWHP? = Ey + 2R, R" — §R2 : (3.50)
and find
2
L2 weyl = Ex + 2 (R + F;,Fjpf — gR2 +8(V F7H)(VPES) . (3.51)

The Gauss-Bonnet density F; does not contribute to the equations of motion because it
is topological. The remaining terms (R, + F, F*)? R? and (V,F~*)(V’F}) are all
quadratic in expressions that vanish for Einstein-Maxwell backgrounds. That explains why
these terms can be introduced in the Einstein-Maxwell action without changing the original
solutions.

The simplifications we find are predicated on the precise combination of four-derivative
terms appearing in (3.49); any others would lead to complicated corrections of the solutions

(see e.g. [26,27]). In our context those coefficients were dictated by the N' = 2 supersymmetry
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of the theory. Thus supersymmetry is responsible for substantial simplifications even for
solutions that do not preserve any supersymmetry.

It was previously noticed in [34] that the entropy of supersymmetric black holes in he-
terotic string theory is the same whether one introduces higher-derivative corrections in the
form of a supersymmetrized Weyl invariant or an ordinary Gauss-Bonnet term. This led
to arguments (see e.g. [14]) that the supersymmetrized Weyl invariant should coincide with
the Gauss-Bonnet density on-shell. Our supersymmetrized Weyl invariant (3.51) makes this
argument concrete. This is particularly surprising in the near-horizon region of BPS black
holes: the AdS, x S? geometry has vanishing Weyl tensor, yet the supersymmetrized Weyl

invariant is non-zero and matches the Gauss-Bonnet density exactly.

3.5 The BPS Limit

In the previous section, we showed that arbitrary solutions to Einstein-Maxwell theory are
also solutions to minimal supergravity, even with higher-derivative corrections present. In
particular, arbitrary Kerr-Newman black holes are solutions to the theory with no modifica-
tions to their geometry required. These solutions are interesting because they can be thought
of as continuous deformations of the extremal Reissner-Nordstrom black hole, which (in the
absence of higher-derivative corrections) preserves half of the supersymmetries in N' = 2
supergravity. These supersymmetric solutions should have an underlying microscopic des-
cription in string theory, and the hope is that such a microscopic theory can be deformed to
give a microscopic description of general Kerr-Newman black holes as well.

However, as we discussed in section 3.1, string theory requires an infinite tower of higher-
derivative o corrections that modify the two-derivative N’ = 2 supergravity action. These
o’ corrections also lead to modifications of the BPS conditions of the theory. These mo-
dified BPS conditions are no longer algebraic and are thus typically hard to solve, as they
generically require a non-trivial modification of the original geometry in order to preserve
supersymmetry at higher-derivative order [86-90]. This begs the question: do extremal
Reissner-Nordstrom black holes still preserve supersymmetry in our minimal supergravity
theory once we account for higher-derivative modifications of the BPS conditions? This
is non-trivial to determine, since it requires studying the supersymmetry variations of the
fermions in the full off-shell theory with higher-derivative interactions present.

BPS conditions in off-shell higher-derivative N/ = 2 supergravity have been studied in
previous works [81,82,91]. We will first review these BPS conditions before specializing
to minimal supergravity. We will then show that, even with supersymmetric W? correcti-

ons turned on, extremal Reissner-Nordstrom black holes (and their dyonic, multi-centered
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generalizations) are in fact the only asymptotically flat solutions that preserve half of the

supersymmetries of the theory.

3.5.1 BPS Conditions in Off-Shell N’ = 2 Supergravity

We are interested in %—BPS solutions in off-shell N' = 2 supergravity when higher-derivative
interactions in the form of a supersymmetric W? term are present. Note that we are not
interested in fully supersymmetric configurations, because these can be recovered from the
%—BPS solutions by approaching the boundary of the theory, either at asymptotic infinity or
at the horizon for black hole solutions [38].

%—BPS configurations can be found by imposing a projection condition relating the two
supersymmetry parameters ¢; and € of the theory, and then finding the conditions under
which all fermion variations vanish under the corresponding residual N' = 1 supersymmetry.

That is, we will impose the condition
he; = i€ (3.52)

where h is some phase factor. Supersymmetry then dictates that the most general stationary,
static spacetime that preserves the A/ = 1 supersymmetry corresponding to the projection
(3.52) must take the form

ds® = —e*dt* + e g, dx"dx" | (3.53)

where the function g = g(z™) depends only on the spatial coordinates ™, and the spatial
metric g,,, must be flat. Supersymmetry also requires that all fermions and fields charged
under the SU(2)r symmetry must vanish, and that the anti-self-dual tensor 1, and the
U(1)r gauge field A, are constrained to take the values

Ty, = —4hV,g, Ag=A, =0, (3.54)

where (0,p) indicate the tangent space indices. The vector multiplet field strengths are

determined by the constraint

)t = —e? (Vy(hXT) + (Vpg)hXT) . (3.55)

Op

The only fields that we have not yet constrained are the metric function g and the scalars
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X', These are related by the stabilization equations

_(x1 - X! higd
e h S ) = : (3.56)
Fi—F Hy

where H! and H; are harmonic functions given by

= nl + Z |x — = h; + Z |xQA’ (3.57)

—$A|

These harmonic functions are determined entirely by some constants h’ and h;, as well as
a set of magnetic charges P} and a set of electric charges Q47 that are located at spatial

position 4. These charges are related to the field strengths by

QAI:i NIJ*FJ, PI{‘— ! F!

= 3.58
47T 2?4 47T Ei ’ ( )

where Y% is a two-sphere surrounding the center ¥4 but no other centers. Finally, in order
for the solution to be consistent with all auxiliary field equations of motion in the theory,

the metric and the scalars must satisfy the extra conditions

i(Fr X — Fr X)) + % = 128ie*V? ((Vpe 9)(Fa — Fa))

) (3.59)
H'V,H; — HV,H' = =256V* ((V,9)Vy(Fa+ Fa)) ,

where Y is some negative constant.

3.5.2 Solving the BPS Conditions in Minimal Supergravity

Now that we have reviewed the BPS conditions in general, we want to study them in the

setting of minimal supergravity with W? corrections. The prepotential for our theory is
i .
F:—§X2—CA, c=c+ics €C, (3.60)

for some complex constant c¢. Plugging this prepotential into the stabilization equations

(3.56), we find that
Im X H
I (énX) % (;) , (3.61)
€ e
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where H,, and H, are magnetic and electric harmonic functions, respectively, given by
P
Hm:hm—i_Zﬁ, He:he_'_zl_,cg—{‘, (362)
T —TA
A A

for some constants h,, and h.. Note that we have also allowed for the presence of multiple
charges and centers in our system, in an effort to be as general as possible in our analysis.

The auxiliary conditions (3.59) for our prepotential are

21X + g 25605 VPV e = 0 -
3.63
H,V,H, — H.V,H,, =0,

where again y is some as-of-yet undetermined negative constant. To find solutions to these

BPS conditions, it will be useful parameterize the complex scalar field X by
X = e | (3.64)

for some real scalar fields ¢ and ¢. The stabilization equations can then be expressed as

~ H, H
 2hipsing  2hipcosd

(3.65)

In particular, this means that the scalar field ¢ determines the ratio of the two harmonic
functions by H,, = H.tan ¢. Plugging this into the second auxiliary condition then tells us
that V,¢ = 0, and so we must set the scalar field ¢ to be a constant.

We have thus shown that the harmonic functions H, and H,, must be related to one
another by an overall constant of proportionality. In particular, this means that each the
constant terms in each are proportional, as well as the coefficients of each |¥ — 4| term.
That is,

Ny = hetang , Py = Qatano . (3.66)

We can now define a new harmonic function H by

= || + Z |x’QA (3.67)

where |h| = \/h2+ k2, and |Q4] = \/Q% + P2. Using (3.66), we can see that this new
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harmonic function is related to the electric and magnetic harmonic functions via

H, H,,
H = = . 3.68
cos¢  sing ( )

Plugging this new harmonic function back into the stabilization equations (3.65), we find

that the metric function g can be expressed as

H
9 — 3.69
= o (3.69)
Note that the harmonic function H, the metric factor e™9, and the scalar field v are all real.
This relation then serves as a reality condition that forces the phase h to be real, and thus

the only allowed values are h = 1. We can without loss of generality absorb this constant

into our definition of v, leaving us with

9 — 5%.. (3.70)

At this point, we have used the stabilization equations and the second auxiliary condition
to express e 7 in terms of a real scalar field ¢ and the harmonic function H. What remains

is to determine ) using the first auxiliary condition, which can be written as

X H\ " oo (H) _
20 + 5 — 2560 (@> VPV, (ﬁ) =0. (3.71)

We will solve this equation perturbatively in the coupling constant ¢y of the supersymmetric

W? corrections to the action by expanding the scalar field as
=9 4™ 4 (3.72)

To zeroth order in ¢y, the auxiliary condition (3.71) tells us that ¢(*) is a constant, related

to the negative constant x by
X = —4(®)* . (3.73)
Plugging this back into (3.71), we find that the (to linear order in ¢;)

-3
2 (™M)* - 256¢; (%) V'Y, (%) ~0. (3.74)

Crucially, since H is a harmonic function and ¥(® is a constant, the second term in this

equation vanishes. We are therefore left with the constraint that ) = 0. Moreover,
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repeating this procedure shows that /(™ vanishes for all n > 1, to all orders in perturbation
theory. We therefore conclude that the most general solution for v is to set it to some
constant. The metric (3.53) can therefore be written in the form

2

2
2 m j..n

ds® = 4¢

for some constant ¢). Note that the constant factor 41)? is unimportant, though, since
it can be absorbed into the coordinates via a simple global rescaling of the coordinates.
Additionally, if we impose asymptotically-flat boundary conditions on the background such
that the metric approaches the Minkowski metric far away from all centers, we are forced to

choose the parameters h, and h,, such that their norm is
h| = /h2+h2, =1. (3.76)

Putting this all together, we find that the most general metric compatible with the BPS

conditions can always be put in the form

ds* = —H?dt* + H?gppda™da"™ , H =1+ Z = (3.77)
where g, is a flat three-dimensional metric. This solution is simply the dyonic, multi-

centered generalization of the extremal Reissner-Nordstrém black hole [92], where the total
mass M of the black hole is related to the charges by

V=31l .79

We have therefore shown that the only static, stationary, and asymptotically-flat spacetime
that preserves half of the supersymmetries of the theory is simply the ordinary extremal
Reissner-Nordstrom black hole. Although the higher-derivative corrections to our theory
make the supersymmetry conditions considerably harder to analyze, at the end of the day

they do not affect the geometry of these %—BPS solutions.
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3.6 Properties of Black Holes in Higher-Derivative Gra-
vity

In this section we analyze properties of Kerr-Newman black holes considered as solutions
to minimal supergravity with higher-derivative corrections. We show that the black hole

entropy simplifies when the theory has N = 2 supersymmetry.

3.6.1 Black Hole Entropy

The black hole entropy in the higher-derivative theory is given by the Wald entropy for-
mula [31,32,74]. The entropy is

S =2r / (SRLEWEM\/E d*v (3.79)
H W po

where h;; is the induced metric on the black hole horizon H and €, is the (antisymmetric)
unit binormal to the horizon, normalized such that €, " = —2. Four-derivative terms in
the action give rise to an integrand that includes terms linear in the curvature and terms
with two derivatives acting on the matter fields. Each of these terms in the integrand is
somewhat intricate and upon integration they will generally give complicated contributions
to the entropy.

However, N’ = 2 supersymmetry dictates relations between the coefficients of these con-
tributions such that the four-derivative terms combine into the expression (3.51). Any part
of the action that is quadratic in terms that vanish on-shell cannot contribute to the Wald
entropy (3.79), since the entropy is determined by a linear variation. For the purposes of

computing the Wald entropy it is therefore sufficient to add the Gauss-Bonnet term

4
Lop = %El (3.80)

to the standard Einstein-Hilbert Lagrangian. This is a considerable simplification.

The Gauss-Bonnet term (3.80) is topological, and so any variation of it with respect
to physical fields with produce a total derivative. It can also be expressed in 4D as a
total derivative acting on (non-covariant) Christoffel symbols. However, the Wald entropy
formalism requires first putting the Lagrangian in a covariant form, e.g. in terms of the
metric and the Riemann tensor. The Wald entropy formalism then requires varying the
Lagrangian with respect to the Riemann tensor, not a physical field. The contribution to
the Wald entropy from a Gauss-Bonnet term in the action is therefore not forced to be zero.

This contribution has been studied in detail; it was explicitly shown by Wald and Iyer in [32]
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that this contribution is proportional to the Euler characteristic of the surface of integration.
This result was also independently shown in [93] by use of the Jacobson-Myers functional.

The total Wald entropy, including the area law due to the Einstein-Hilbert action, is

A
+ 1287TX(2)C2 s (381)

STE

where x(o) is the Euler characteristic of the black hole horizon!

1
X(2) = —E/HdA Ry . (3.82)

For general Kerr-Newman black holes, the Euler characteristic of the horizon is x(2) = 2,
and so the Wald entropy (3.81) becomes

A
S =5 +256mc, . (3.83)

This is the entropy of a Kerr-Newman black hole, including the higher-derivative correction
in the form of a supersymmetrized Weyl invariant.

In the special case of vanishing charge, the black hole geometry is Ricci flat R,, = 0
and so it is obvious that the Weyl invariant coincides with the Gauss-Bonnet term on-shell.
We find that this well-known statement generalizes to Kerr-Newman black holes. That is
interesting because this family includes a BPS limit, where the black hole preserves the
supersymmetry of the theory and the microscopic description is under control. Previous
studies [34, 35,38, 77,78, 80, 81, 86, 94-98] have found that higher-derivative corrections in
string theory gives rise to a correction of the form (3.83) with a numerical coefficient that
can be matched with microscopic considerations.

Our result for the correction to the black hole entropy (3.83) has no dependence whatsoe-
ver on the parameters of the black hole. The deformation away from the BPS limit by adding
mass and introducing angular momentum does not change the correction due to higher-order
derivatives. This is reminiscent of our main result from chapter 2 that quantum corrections
to Kerr-Newman black holes are universal and similarly insensitive to deformations off ex-
tremality. For both classes of corrections it is significant that the theory preserves N = 2
supersymmetry but it is unimportant whether the black holes preserve the supersymmetry
of the theory.

LOur curvature conventions are set by the sign on the Ricci scalar in the Einstein-Hilbert action. The
curvature of a sphere is negative and the Euler character (3.82) has an unusual overall minus sign.
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3.6.2 OSV Conjecture

The correction to the entropy due to the higher-derivative terms is just a constant, indepen-
dent of the black hole parameters. The value of the constant is therefore captured by the BPS
limit and so it can be interpreted in string theory, e.g. following the OSV conjecture [99].
For extremal BPS black holes, the attractor mechanism [33,100-102] specifies scalars in
the horizon AdS, x S? geometry in terms of the charges (p’, qr) by the attractor equations

p’ = Re[CX], (3.84)
qr = Re[CFy] , (3.85)

where C' is an arbitrary scaling parameter chosen as
C?A = 256 | (3.86)
with A evaluated at the horizon. Expressing the real and imaginary parts of the scalars as
CX'=p' + %gb’ : (3.87)

the black hole potential is

F(o',p") = —m Im[C?F (X', A)] (3.88)

in a mixed ensemble defined as a microcanonical ensemble of magnetic charges p’ and a
canonical ensemble of electric charges ¢; with chemical potentials ¢!. The black hole entropy,

including higher-derivative terms, is then given by the Legendre transform

0
Stan) = (1057 ) ') (359)
¢
where the electric potentials ¢’ have been eliminated in favor of the electric charges g;
through the attractor equation (3.85).

In the case of our minimal prepotential (3.22) the attractor equations are

1

p=Re[CX], ¢q=Im[CX]|=—0¢, (3.90)
T
and the black hole potential (3.88) becomes
LR
Flo,p) = 5p° — 5-0" + 2567cy . (3.91)
2 2m
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The Legendre transform of this potential gives the black hole entropy

S = g((f +p?) + 2567cs . (3.92)

The first term agrees with the classical area law for an extremal Reissner-Nordstrom black
hole with dyonic U(1) charge, and the correction agrees with our result (3.83) computed
using the Wald entropy formalism.
The OSV conjecture [99] makes connection with microscopic considerations through the
relation
Zen = | Ziop|* (3.93)

where Zgy is the supersymmetric partition function

Zgn(¢,p) = exp|F(¢,p)] (3.94)

of a four-dimensional BPS black hole in the mixed ensemble. The partition function of the

topological string is similarly

Ztop(¢7p) = eXp [ftop(gbap)} ’ (395)

with
Frop(A, X) Zkfﬁp ?Flop.g(X) (3.96)
47

ptiq’
is charge-independent, corresponding to the torus partition function with genus g = 1.

a perturbative expansion in the coupling constant Ay, = The correction we consider

The OSV conjecture and its possible extensions have been subject to much study and
debate, including [87,98,103-105]. Since the minimal model we consider has ny = 0 moduli it
corresponds to a somewhat singular limit, that of a rigid Calabi-Yau. It would be interesting

to study this special case further.

3.6.3 Implications for a Microscopic Model

The motivation for studying Kerr-Newman black holes in string theory is the hope that a
precision understanding can be achieved in this setting. We are still far from that goal but
we can make some observations in the spirit of phenomenology.

The classical black hole entropy of Kerr-Newman black holes computed from the outer
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and inner horizons is

1
Sy =27 ((M2—§Q2)j:\/M2(M2—Q2)—J2> . (3.97)
An appealing (but speculative) interpretation of these formulae identifes the combinations
1 1
SRZE(SJr—i—S,) , SL:§(S+—S,) , (3.98)

with the entropy of factorized right- and left-moving excitations of an underlying CFT with
(0,4) supersymmetry [19,106,107]. This theory would be a generalization of the MSW CFT
describing the BPS and near-BPS limits [6]. The assignment of supersymmetry is such that
the dependence on the angular momentum quantum number can be entirely accounted for
by an SU(2)g current, arbitrarily far from extremality. This is analogous to the standard
BMPV model of rotating BPS black holes in five dimensions [16, 108].

The correction to the black hole entropy due to higher-derivative terms (3.83) is not just
independent of black hole parameters; it is the same when computed at the outer and the
inner horizons [109]. Therefore, the prescription (3.98) with higher-derivative corrections
included identifies the corrections as pertaining to the “Right” sector, with no corrections in
the “Left” sector.

The “Left” sector contains the novel excitations, the ones that BPS conditions force into
their ground state. These are also the ones that carry the angular momentum of the black
hole so the BPS limit is incompatible with rotation. The independence of corrections on
black hole parameters suggest that this sector receives no string corrections in the leading
approximation. At the level of a phenomenological model this is not unreasonable since,
after all, the “Left” sector is subject to N/ = 4 supersymmetry, albeit spontaneously broken

by the state. It would be very interesting to develop such a model in more detail.
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Chapter 4

A Non-Renormalization Theorem for

Non-Supersymmetric Black Holes

4.1 Introduction and Summary

Precision results for the entropy of BPS black holes give detailed insights into the quantum
structure of black holes (see e.g. [5,6,98,99]). The techniques underlying these results involve
extrapolation from weak to strong coupling of quantities that are known to be protected by
supersymmetry. The physics of black holes with no supersymmetry is much more complicated
and it is generally expected that precision results for their entropy is not possible. In this
chapter we present evidence that may indicate some precision studies of non-supersymmetric
black holes are possible, after all: certain black holes satisfy a non-renormalization theorem
when they are embedded in theories with N' = 2 supersymmetry even though the black holes
themselves do not preserve any supersymmetry, not even an approximate supersymmetry.
Moreover, our non-renormalization theorem is protected by a topological invariant.

The objects we study are logarithmic quantum corrections to black hole entropy. The
leading order quantum corrections to the Bekenstein-Hawking area law scale with the loga-
rithm of the black hole horizon area. These logarithmic corrections are parameterized by

the one-loop quantum effective action of the black hole, which takes the form

_log A
3272

W = /d4x V=g (aEy — cW,,c WHPT 4+ 1), (4.1)
where A is the horizon area, a, ¢ are numerical coefficients, and the dots indicate the presence
of other possible four-derivative terms. It is known that these large logarithms offer an infra-
red window into ultraviolet physics: they are computable in the low energy theory and yield

precision data that must be matched by sub-leading terms in the asymptotic density of black
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hole microstates [14,20,21]. Agreement with the microscopic theory has been established in
those (highly supersymmetric) cases where precision counting is available [15,23,110]. We
discuss these logarithms for non-supersymmetric black holes using effective quantum field

theory.

The current work is a generalization of the previously-discussed setting in chapter 2. We
embed the standard Einstein-Maxwell gauge field F},, into off-shell N’ = 2 supergravity (with
any number of vector multiplets, enumerated by the index I) as

i =X"Fl (4.2)
where X7 and F/fy are (respectively) the scalar and vector field strength of a N/ = 2 vector
multiplet, and the scalars X7 are taken to be constant (see section 4.2 for more details). In
this way, we can obtain non-supersymmetric solutions in A/ = 2 supergravity, such as non-
extremal Kerr-Newman black holes. Fluctuations of the N/ = 2 matter exhibit non-minimal
couplings in this environment which, by explicit computation, were found to modify the
Weyl anomaly coefficients from their standard values such that the total central charge
¢ = 0 for a complete N' = 2 multiplet. This chapter complements the explicit computations
in chapter 2 by explaining how the null result follows from symmetries, effectively proving a
non-renormalization theorem for these non-supersymmetric solutions in N' = 2 supergravity.

We prove our non-renormalization theorem by exploiting several symmetries which hea-
vily constrain the effective quantum field theory of quantum corrections to black holes. The

analysis of each of these symmetries encounters conceptual questions that we address:

e Duality: the equations of motion of classical electrodynamics are invariant under
electromagnetic duality but the corresponding classical action is not [111]. We show
that duality constrains the dependence of the quantum action on the explicit field
strength and, in the case of Einstein-Maxwell theory, eliminates it entirely. In this
case the dots indicating additional terms in the trace anomaly (4.1) are absent and the
effect of matter has been entirely absorbed into the values of the coefficients a, ¢ which

then take non-standard values.

e Supersymmetry: for black hole solutions to theories with A/ = 2 supersymmetry the
quantum effective action is constrained by on-shell supersymmetry. In d = 4 there are
two known distinct four derivative invariants [112,113]. They complete the two terms

written explicitly in (4.1) with particular matter terms and take the schematic form

E, + SUSY matter , W?+ SUSY matter , (4.3)
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in an off-shell formalism. We show that, when evaluated on-shell for our class of
solutions (4.2), both A/ = 2 invariants reduce to just the Euler invariant E,. Thus

supersymmetry excludes the second term in the trace anomaly (4.1), so ¢ = 0.

The significance of this result is that the logarithmic correction to black hole entropy redu-
ces to a topological quantity, independent of the black hole parameters. In particular, it can
be deformed from the extremal (supersymmetric) limit to a generic (non-supersymmetric)
black hole without any change in value. This property suggests an underlying index theorem,
a great surprise in the context of non-supersymmetric black holes.

Our results may superficially appear in conflict with findings obtained in some other
areas of inquiry. For example, physical principles require the ratio ¢/a ~ 1 for conformal field
theory in a curved background, with precise “conformal collider” bounds easily excluding ¢ =
0 [62-64]. Such apparent conflicts are simply due to the additional matter contributions that
arise when we take dynamical gravity into account. Our considerations are thus consistent
with standard results and complementary to several areas of recent research.

The most obvious generalization of our work would be to understand whether the class
of non-supersymmetric solutions (4.2) for which our non-renormalization theorem ¢ = 0
holds can be broadened and generalized further. In particular, it would be interesting to
analyze solutions with non-constant scalars. However, as we discuss, the possible four-
derivative corrections to more general backgrounds are expected to involve more (and more
complicated) supersymmetric invariants, especially when the scalars are not constant. This
will require the introduction of new four-derivative supersymmetric invariants beyond the
two we consider.

Our calculations derive a ¢ = 0 non-renormalization theorem from the symmetries of
N = 2 supergravity. It would be interesting to understand the ¢ = 0 result from the different
perspective of a (super-)index theorem in the spirit of other gravitational indices (such as
e.g. [52]). The strategy employed to establish such theorems involve relating quadratic
fluctuations of bosons around the background to those of fermions. When the non-zero
modes can be shown to cancel, the only contribution to the quantum corrections comes from
the zero modes and is thus topological. There are many examples where this mechanism
applies but they generally rely on supersymmetry preserved by the background. It would
be novel if index theorems can be generalized to non-supersymmetric backgrounds such as
ours. If it is possible it might also help understand how and when one could generalize our
non-renormalization theorem to a broader class of solutions.

As stressed in the opening, an important motivation for this work is the potential for
a microscopic understanding of black hole entropy and quantum corrections to it. De-

tailed microscopic models have been established for various types of supersymmetric black
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holes, using tools inherent to supersymmetry. Analogous microscopic descriptions of non-
supersymmetric black holes are typically elusive and, if known, difficult to handle. Our work
identifies a family of non-supersymmetric black holes that enjoys a simple and restricted form
of one-loop quantum corrections because they are solutions in a theory with supersymmetry.
This suggests an underlying structure that may point toward a microscopic description of

such non-supersymmetric black holes.

The rest of this chapter is organized as follows. In section 4.2 we briefly summarize the
relevant details of our N/ = 2 supergravity formalism and the particular class of solutions
considered. Then, sections 4.3 and 4.4 address duality and supersymmetry, respectively, and
show how these symmetries constrain quantum corrections to black hole entropy. Several

appendices review further details, especially of the off-shell formalism for N = 2 supergravity.

4.2 Supergravity Formalism and Black Hole Solutions

Our results on duality in section 4.3 and supersymmetry in section 4.4 make extensive use
of both the off-shell and on-shell formulations of N' = 2 supergravity. In this section, we
review the essential parts needed to understand our methods and the relevant class of black

hole solutions. More details of off-shell A' = 2 supergravity are reviewed in appendix B.

4.2.1 Field Content

The off-shell formalism realizes N' = 2 supergravity in four dimensions by imposing con-
straints on superconformal multiplets whose fields transform under the A/ = 2 superconfor-
mal group. The most important of these multiplets is the Weyl multiplet, which contains
the gauge fields associated with each of the superconformal symmetry generators. The in-
dependent fields in this Weyl multiplet are
(el by A, V', T, X', D), (4.4)
where e is the metric vierbein, zﬂi is the gravitino, b, is the dilatation generator, A, is
an auxiliary U(1)g gauge field, Vﬂi ; is an auxiliary SU(2)p gauge field, T}, is an auxiliary
anti-self-dual tensor, x* is an auxiliary SU(2) doublet of Majorana spinors, and D is an
auxiliary real scalar field. The Weyl multiplet has 24 + 24 bosonic and fermionic degrees of
freedom off-shell.
We will introduce matter in the form of ny +1 off-shell N' = 2 vector multiplets, denoted

by X! where I =0, ...,ny. These will reduce down to ny physical vector multiplets in the
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on-shell theory. The field content of the vector multiplets is
XI:(XlanI7Wl{7Y;§) ’ (4’5>

where X7 is a complex scalar, ] is an SU(2) doublet of chiral gauginos, W] is a U(1)
vector gauge field, and Y
has 8 + 8 degrees of freedom off-shell. The scalars X7 have Weyl weight w = 1 and U(1)g

charge (referred to as a chiral weight) ¢ = —1, while their Hermitian conjugates X’ have the

is an auxiliary SU(2) triplet of real scalars. Each vector multiplet

same Weyl weight and opposite chiral weight. The vector fields WJ are uncharged under the
U(1)g symmetry.

The field strengths of the auxiliary U(1)g gauge field A, and the auxiliary SU(2)r gauge
field V,’; are (respectively)

Ay =0,A, —0,A,, (4.6)
- i i Lo e 1y, 1,k

V,LLV ] — 8“)}1, ] - &,V# ] + §VH’ le, j - §Vl/ kV# ] . (47)

The field strengths of the vector multiplet gauge fields are
F,=0W,—a,W. (4.8)

We will also make use of the supercovariant field strengths
Fl =R - ixirn =g oLy 4.9
/W:/“/_Zl [T ,uV:,uu_Z uy ()

where FT are the (anti-)self-dual parts of the vector multiplet field strengths.

4.2.2 Two-Derivative Theory

The couplings between the vector multiplets and the Weyl multiplet can be specified suc-
cinctly by a prepotential
F=FOx"), (4.10)

a meromorphic function of the complex scalars in the vector multiplets. Its derivatives are
denoted: oF OF
Fr=— f=—=0 4.11

where the vanishing of the anti-holomorphic derivative follows from holomorphy. The prepo-

tential is homogeneous with degree two under Weyl transformations. The vector multiplet
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scalars have Weyl weight one so F(®) must satisfy
FOONXT) = NFO(xT) . (4.12)

The two-derivative Lagrangian that couples the vector and Weyl multiplets via the prepo-
tential (4.10) is

‘ N =1 er (1 L (0 ij
8’/T£(2) _ ZD“FI( )’DuXI—ZFI( )XI <6R_D) — gFI(J)Y;YJ]

l

L —F<0>T/;T+W1 +he. (4.13)

F[(J .F IJ—_' uvd FI(O)f/jVIT+MV .

4 32

+ (fermions) .

We can reduce the superconformal symmetry to a Poincaré symmetry and further simplify
the theory by imposing a consistent truncation
i . 1 . 0) - =(0
by=Y! =V =fermions=0, D= —5R. i(FOXT - FOXx =2 (4.14)

More details are reviewed in appendix B.7. Under this truncation, the two-derivative La-

grangian (4.13) becomes

1
2 1 0) 1 —pvJ
£<>_—@R+8— iD"F'D, X +4F1J}“Wf "
_ (4.15)
CnO) Ity b (0
= PR T = S FOTET | 4 hee.
In the truncation (4.14), the supercovariant derivative acts on the scalar fields by
D, X"= (0, +i4,) X". (4.16)

Thus the auxiliary fields 7, and A, both appear algebraically in the Lagrangian. Their

72
equations of motion can be solved, yielding

Ny X F-T N X79,X!
T, = g7 T . A, = i (4.17)
g N XEXL "Nl XEXE

where we have defined the Hermitian symplectic matrix Ny, as

Ny = 2ImF9) . (4.18)
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Eliminating the auxiliary fields 7"

. and A, from the action yields the bosonic terms in the

familiar NV = 2 supergravity Lagrangian

1

1 = ?
@ _ _ - M, OMXT0, X — — NG FH T e 4.1
L S5t — o M0 X'0, 3N +he., (4.19)

where the matrices M;; and N7; are defined by

Myy = gy = MIRENXE - y — pf9 4 MR XE
The Einstein, Maxwell, and Bianchi equations of the simplified theory are
K2 I o
R, = —EMI 70 X0, X7 — gj\/}JFl;fFjp" +h.e., (4.21)
0=V, (NF* — Ny F7) (4.22)
0=V, (F!—Fh) (4.23)

These are the equations of motion for N' = 2 supergravity.

4.2.3 Four-Derivative Theory

Our main interest is to constrain the form of one-loop quantum effective action (4.1), which
contains four-derivative terms. We therefore need to introduce higher-derivative corrections
to the Lagrangian (4.15).

Higher-derivative terms can be constructed in the off-shell N' = 2 supergravity formalism
by additionally coupling the theory to a chiral multiplet A. The field content of the chiral
multiplet is

A= (A, ¥ By By A ) (4.24)

py o

where A and C are complex scalars, \ifl and AZ are both SU(2) doublets of left-handed
fermions, Bj; is a complex SU(2) triplet of scalars, and F L 18 an anti-self-dual tensor. A
chiral multiplet can have any Weyl weight w from which the Weyl and chiral weights of the
component fields can be determined. In particular, the scalars A and C have Weyl weights
w and w + 2 and chiral weights —w and —w + 2, respectively.

The chiral multiplet will eventually be realized as a composite of the Weyl and vector
multiplets such that four-derivative terms are introduced into the action. The truncation
(4.14) can be augmented by setting all fermionic and SU(2)g-charged chiral multiplet fields
to zero:

A

U, =A=By;=0. (4.25)
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The prepotential F' still determines all couplings in the theory but, in order to introduce
higher-derivative interactions, it must be modified to become a function of the chiral multiplet
scalar A as well as the vector multiplet scalars X’ . It can be expanded as

o)

P(X',A)=> FM(XHA", (4.26)

n=0

where each successive power of A corresponds to introducing two further derivatives to the
Lagrangian, so that F(™(XT) controls the (2 + 2n)-derivative terms. We are interested only
in two-derivative and four-derivative terms, and so we can truncate this series expansion to

obtain

F(XT A) = FOX) + FO(XHA . (4.27)

The new function F™(X') must be homogenous under rescaling of projective scalars such
that
FOOXT = FO(XT) . (4.28)

It determines the couplings between the Weyl multiplet, vector multiplets, and chiral mul-
tiplet in the four-derivative part of the Lagrangian. This four-derivative Lagrangian, under
the truncations (4.14) and (4.25), is

1 o _ ) o ) o
LW = o D FVA)D, X" + %F}})F;ff*“” A-— %F}”f;}ww A
Y5

?

32

. . (4.29)
FOTET A+ PV F P 4+ SPOC| +he.
4.2.4 A Class of Solutions

We are particularly interested in a class of (generally non-supersymmetric) solutions within

N = 2 supergravity determined by the two conditions:

2,X'=0, (4.30)
Fil=0. (4.31)

This also implies the complex conjugate equations 8M)_( = ]-"JVI = 0.
The condition (4.31) can be re-written at two-derivative order using the definition (4.9)

and the auxiliary equation of motion (4.17) to give

XTNges X7
I KJ K _
<5K - XLNLMXM> Fu” =0, (4.32)
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For non-degenerate Ny;, the only non-trivial solution is given by

+1 _ It
F =XF,, (4.33)
where at this point F},, is simply an arbitrary anti-symmetric two-tensor (and in particu-
lar does not yet need to satisfy a Bianchi identity). Once we also use the condition (4.30)
of constant scalars, the field F},, becomes a genuine Maxwell field, and the resulting ef-
fective Lagrangian (at two-derivative order) following from N = 2 supergravity is simply the
Einstein-Maxwell Lagrangian:
1 1

= — Ky
Lot =~ (R+ 1FwF ) . (4.34)

For this embedding, we note that (4.17) simplifies to

T;, = 4FL , (4.35)
so the Weyl multiplet “graviphoton” T;j, is proportional to the Maxwell field F’ /j:/ Additio-
nally, the embedding forces the U(1)p gauge field A, to vanish.

These Einstein-Maxwell solutions are in general not supersymmetric. For example, ge-
neral Kerr-Newman black holes will break all supersymmetries except in the non-rotating,
extremal limit. Interestingly, our Einstein-Maxwell solutions retain a remnant of the super-
symmetry of the original theory: the embedding conditions (4.30) and (4.31) are exactly
the conditions required for the gaugino supersymmetry variation to vanish, as discussed
in [38,81]. We can think of non-supersymmetric Einstein-Maxwell solutions as continuous
deformations of supersymmetric ones such that the relation between scalars and vectors de-
manded by the SUSY attractor mechanism is maintained. Then the vector multiplet fields
force the gaugino variations to vanish (but do not necessarily satisfy any of the other BPS
conditions).

To summarize, the conditions (4.30), (4.31) reduce the full N' = 2 supergravity equations
of motion to the much simpler equations of motion for Einstein-Maxwell theory. Conversely,
(4.33) defines an embedding into off-shell N/ = 2 supergravity of any solution to Einstein-
Maxwell theory, independent of the prepotential of the supergravity theory.

4.3 Duality Constraints on Four-Derivative Actions

As discussed in section 4.2, the quantum fluctuations of the massless fields in our theory

generate a quantum effective action W for our theory. At one-loop order, this quantum
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effective action contains only four-derivative terms. In this section we show that duality
constraints on possible four-derivative terms can be quite restrictive. For Einstein-Maxwell
theory, duality restricts the possible four-derivative terms to purely geometric curvature
terms; explicit dependence on the field strength F),, is not possible. This result is main-
tained for the embedding of Einstein-Maxwell solutions in A/ = 2 supergravity discussed in

section 4.2.4 but N' = 2 supergravity generally allows more terms.

4.3.1 Einstein-Maxwell Theory and Duality

We first review duality symmetry for Einstein-Maxwell theory and show how it restricts the
possible four-derivative terms.
Einstein-Maxwell theory (a U(1) vector field coupled minimally to gravity) has the La-

grangian
1 1
L= ~53 (R + ZF"”FW) : (4.36)

The dual field tensor G, is defined through the relation

oL
oFm

iG, = 4K? (4.37)

so that G, = iF),,. Note that the factor of i is due to our definition (B.4) of the dual
tensor, since then F w18 purely imaginary when F),, is real. The equations of motion and

the Bianchi identity can be summarized as

Fr
v, (GW> =0. (4.38)

These equations are invariant under SO(2,R) rotations of the vector (F,,,G,,) or, equiva-

lently, U(1) transformations of the (anti-)self-dual tensors Fy;, of the form

'+ +i +
Ff=e*vF (4.39)

[n2

for any phase factor €. Since F ;; and F, transform under this U(1) symmetry with

opposite phases, we can write down an obvious duality-invariant tensor

Tyvpe = FLF5 (4.40)

uvs po

All duality invariants can be formed from powers of this tensor. Lorentz invariants can then

be formed by appropriate contractions of indices.
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The Einstein equations following from (4.36) can be written in a manifestly duality-

invariant form

Ru=1,°,, . (4.41)

The Einstein equation trace condition R = 0 follows from the fact that there is no way to
form a non-zero Lorentz scalar from a single Z,,,, by contracting all indices.

In section 4.3.3 (and also appendix D) we will show that all four-derivative corrections to
the action (4.36) must in fact be invariant under the duality symmetry (4.39) even though,
as is well-known, the two-derivative action (4.36) is not invariant under duality (4.39), but
rather must transform in a very particular way such that the equations of motion respect
duality symmetry [111]. In anticipation of this result we proceed to form all possible four-
derivative Lorentz invariants from Z,,,, and the Riemann tensor by contraction of Lorentz
indices.

It is clear from the equations of motion (4.41) that any four-derivative expression where
1,00 appear with contracted indices reduces to the geometric invariant R, R*”. There are
two inequivalent ways to contract indices of two distinct Z,,,,,’s but one can show using the
(anti-)self-duality properties of F jf, that both also reduce to the geometric invariant R, R*:

}lIWpUI’“’p" = Luwpo """ =1, T"", = R, R" . (4.42)
We can also form mixed duality invariants by contracting the matter tensor Z,,,, and the

Riemann tensor R,,,,. The two distinct contractions again reduce to geometric invariants

1
S Tusr BT = T R =T, PR" = R, R (4.43)

Thus we find that duality symmetry for Einstein-Maxwell theory restricts all the on-shell
four-derivative terms to a linear combination of only R, ,, R***? and R, R*”, with no explicit
appearance of the field strength F,,.

It has been noticed before that one loop corrections to Einstein-Maxwell theory reduce
to pure geometry in this way [21,114,115] and a relation to duality was mentioned in [115],

but this is the first explicitly-detailed exposition of this feature.

4.3.2 Symplectic Duality Symmetry

We want to discuss four-derivative duality invariants in a much more general theory of N' = 2
supergravity. To get started, we first review the extended symplectic duality symmetry of

N = 2 supergravity.
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In a theory with ny + 1 U(1) gauge fields (and no explicit sources for the gauge fields)
there is a U(ny + 1) compact duality symmetry that rotates the gauge fields and their dual
tensors into each other. When there are also scalars in the theory that transform under
duality, such as in N' = 2 supergravity, the duality symmetry can further be extended to a
non-compact (sub)group of Sp(2ny + 2,R) [111].1

The dual field strengths Gy, (with I =0,...,ny) generalizing (4.37) are

(4.44)

In the case of the on-shell two-derivative Lagrangian (4.19), the dual field strengths are given
by
Gl =NuES . (4.45)

Under the Sp(2ny + 2,R) symplectic duality symmetry of AN/ = 2 supergravity, the field
strengths F ;V and the dual field strengths G, form a symplectic vector

IF/.LV = (F’L{UJ GI,UJ/) 9 (446>

that transforms under duality as

FI UI ZIJ FJ
) J y el (4.47)
G[,“, W]j V] GJ/.U/

where U, Z, W, and V are real matrices that satisfy

vtw —wtu =0,
7'V vtz =0, (4.48)
U'v —-wlz=1.

The infinitesimal version of this symplectic transformation is

I I 1J J
I T AR N (4.49)
GI,LW C'IJ - (A )[ GJ,uz/

where A is an arbitrary real matrix while B and C' are real, symmetric matrices. The vector

multiplet scalars X7 and the prepotential derivatives also form a symplectic vector

X= (X" F), (4.50)

ISymplectic duality for N = 2 is discussed in detail in e.g. [116-118], and also reviewed in e.g. [38,46].
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that transforms in the same way as the vector field strengths

G -
Fy Cry —(A"),7) \ Fy

We can form symplectic scalars by taking the symplectic product of any two symplectic

vectors A, B via the operation

I
A-B=AQB, QE(O]I 0) : (4.52)

Such symplectic scalars generalize the invariant tensor (4.40) from Einstein-Maxwell theory.
As in that example, they generally transform under Lorentz symmetry, as the Lorentz indices
may be uncontracted at this point.

The prepotential F' = F(X') is not a symplectic scalar, even though it has no symplectic
index. By integrating how the functions F; change under duality transformations, one can
find how the prepotential F' transforms. The result is that, for a given prepotential F', the

symplectic transformations (4.49) fall into two categories:

1. Transformations that preserve the functional form of the prepotential such that it
transforms as F(XT) — F(XT + 5 X7).

2. Transformations that change the functional form of the prepotential.

The former transformations are true symmetries of the theory for a specified prepotential F,
while the latter transformations are not symmetries but rather symplectic reparametrizations
that transform the equations of motion of the theory into equivalent but different equations
of motion [38,118].

The generalized prepotential F' = F (X! ,fl) needed to introduce four-derivative terms
depends on a duality-invariant chiral scalar A with Weyl weight two. In this setting, the
partial derivative F4 of F with respect to this chiral scalar has no symplectic index I.
Crucially, F4 has zero Weyl weight and is always a symplectic scalar [38,116]. This will be

important in the discussion later on, particularly in sections 4.3.3 and 4.4.1.

4.3.3 Duality (In)variance of Four-Derivative Corrections

It is well-known that the two-derivative terms in a Lagrangian of a theory with duality
symmetry is not itself invariant under duality transformations; the symmetry is manifest

only at the level of the equations of motion. The transformation properties of four-derivative
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terms under duality symmetry are less familiar. We will show that the on-shell four-derivative
terms must be duality invariant already at the Lagrangian level in the situations that we are
most interested in, but not in general.

Our claim generalizes a result by Gaillard and Zumino [111]. Consider a Lagrangian £ of
scalar fields. They showed that if this Lagrangian depends on a duality-invariant parameter
A and the duality transformations of the scalars do not depend on A, then 0,L is duality
invariant. We can apply this argument by identifying A with the numerical coefficients that
appear in front of four-derivative terms in our effective action, and hence conclude that the
four-derivative action £ is duality invariant. This reasoning also applies when there are no
scalars at all, such as in Einstein-Maxwell theory. Therefore the four-derivative corrections
must be duality invariant in this case, justifying the assumption made in section 4.3.1.

However, for higher-derivative corrections to N' = 2 supergravity we can generally not
choose a A that the scalar transformations do not depend on: duality acts on coupling
constants and, specifically, the couplings encoded in the prepotential (4.27) are not duality
invariant. By generalizing the result of Gaillard and Zumino [111] to take dependence of
these scalar transformations on the coupling constant A into account, we find (through a
simple calculation spelled out in appendix D)
oL®

_ plJ 1) 4
B9, (FJ A) TROR (4.53)

2)
4 _ 17 () 7 9L
0LY = —BYF AT

Thus, in general, the four-derivative corrections to N/ = 2 supergravity are not duality
invariant. Fortunately, they are not arbitrary: the transformation properties of the four-
derivative Lagrangian £* are completely determined by the two-derivative Lagrangian £2).

We are particulatly interested in the class of solutions introduced in section 4.2.4 where
the scalars are constant and the superconformal field strength F 7, vanishes. In this case the

expression (4.15) of the (off-shell) two-derivative Lagrangian £?) gives

oL® ]
= =0, 4.54
[8(8;9(1) 8NXI:0 ( )

and, remembering the dependence of .7-";,/ on the scalars X7, we have

aﬁ”} { %) < i 0 i

= = —-F f“T*“”——F(O)T+T+“”+h.c.>} =0,
{8)(1 uX1=0, F;f,=0 ox’ g T 32 - Fih=0
(4.55)

identically (without using the equation of motion). We conclude that the four-derivative

Lagrangian must be duality invariant when the scalars are constant and the supercovariant
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field strength F.}, vanishes:

[6£4)] 0. (4.56)

B, X1=0, Ff=0 —
Importantly, this result does not in any way depend on supersymmetry, neither of the theory
nor of the solution. It comes only from the symplectic duality symmetry of the theory.

In section 4.4.1 below we show that in A/ = 2 supergravity the four-derivative corrections
are given by (4.67), an expression that only depends on the symplectic scalar function Fy =
F® and the (symplectically invariant) components of the Weyl multiplet. The discussion in
this section shows that corrections of this form must be invariant under duality at the level

of the Lagrangian.

4.3.4 Symplectic Invariants with Constant Scalars

It is interesting to investigate how much we can constrain four-derivative terms using sym-
plectic duality invariance alone. In this section, we restrict ourselves to the case with constant
scalars and set all fermions to zero but impose no other restrictions on the bosonic fields.
This is a generalization of the discussion at the end of section 4.3.1 where we showed that
four-derivative corrections to Einstein-Maxwell theory can always be written in terms of
curvature invariants involving only geometry.>

As a first step we classify all invariants under duality we can construct using at most two
symplectic vectors and at most four covariant derivatives. We do not yet impose Lorentz
invariance. We will use the notation we introduced in (4.46) and (4.50) for the symplectic
vector of the (anti-)self-dual field strengths IFffV and the scalar symplectic vector X (and its
complex conjugate X). Our starting point is the on-shell Lagrangian (4.19) where auxiliary
fields have been integrated out.

At zero-derivative order, the only symplectic invariants are X-X = 0 and X-X = 87i/x?

(where we have used (4.14)). At one-derivative order, we have the symplectic invariant

- 2
T = —2_F+ .X, (4.57)

o2

and its complex conjugate, where we have recognized the auxiliary Weyl multiplet field

T}, from its two-derivative equation of motion (4.17). The only other possible symplectic

2We are not yet setting .7-';‘,/] = 0 so, as explained in section 4.3.3, the full four-derivative Lagrangian will
generally not be a duality-invariant. The duality-invariants we find in this section should therefore be viewed
as (at most) part of the four-derivative Lagrangian for constant scalars when F l‘f,f = 0; another (mandatory)
part of the Lagrangian must be given by a non-duality-invariant term that transforms according to (4.53).
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invariant with one derivative is ]F:[V - X, which vanishes,

F. -X=FJF -Gl X" =FF - NyFJX = FF —FJF, =0,  (4.58)
using the explicit form (4.45) for the dual tensor G}“W and the special geometry identity
N T JX I = F I-
At two-derivative order, we have the symplectic invariants
i

Lywpo = Fr - F, VPT;/ - S on

n po

KV EL X, Rupo - (4.59)
There are two other possible candidates but both vanish identically:
Ffw . IF;FU = VP(JF:IV -X)=0, (4.60)

using (4.45). Using similar arguments, at three-derivative order we can have

po

VaFY, -Ff,, ViFi - F

po

V,V.F/., - X, (4.61)
and their complex conjugates. Finally, at four-derivative order, we can have

V,\IF:[V . V“,]F‘;ﬁ77 VAVWIFZV Foy V,\Ffw - VoF 0, V,\VUJF:;, Fo, (4.62)
and their complex conjugates.

Having now determined all possible symplectic invariants with at most two symplectic
vectors, the next step is to multiply such invariants together and contract Lorentz indices to
form four-derivative terms that are invariant under Lorentz symmetry as well as symplectic
invariance. There are numerous options but the physically interesting ones are subject to

further constraints:

1. Candidate terms for four-derivative corrections to N' = 2 supergravity must have

vanishing U(1)g charge. This is restrictive since X is charged under U(1)g.

2. We can use the two-derivative on-shell Einstein equation to trade F - F,” for R, (a

generalization of (4.41)).
3. We can discard terms that are equivalent up to a total derivative.

Using all of these properties we find (through straightforward but tedious calculations in-

volving the (anti-)self-duality of F; ) that there are exactly five independent four-derivative
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symplectic invariant terms:

R,,sR"? | R, R" | V#T““’VPTF; , RWTWPT’VP , Tu’pT"“’Tj"T;f7 . (4.63)
We spell out more details of the calculation leading to (4.63) in appendix E.

It is interesting that, even with the minimal assumptions made in this subsection, all
these terms involve only fields from the Weyl multiplet; all explicit dependence on the vector

multiplets has been eliminated using symmetries and equations of motion.

4.3.5 The Einstein-Maxwell Embedding in N’ = 2 Supergravity

We are particularly interested in the embedding of Einstein-Maxwell theory in N = 2 super-
gravity with any number ny of N' = 2 vector multiplets. As discussed in section 4.2.4, the
embedding sets each of the scalars X! to be fixed at some constant value and, given those
scalars, specifies the N' = 2 vector fields as (4.33)

F=X'Fl, (4.64)
for some Maxwell gauge field F),,. Since this setting has constant scalars, the results from
the previous subsection applies. However, in addition, the Einstein-Maxwell embedding
(4.64) demands that the superconformal curvature vanishes F,i/ = 0. In this setting the
antisymmetric tensor 7}/, (4.57) in the Weyl multiplet reduces to the Einstein-Maxwell field
strength F7 . as noted in (4.35). Then the four-derivative invariants in (4.63) either vanish
due to the Maxwell-Bianchi equations for the Einstein-Maxwell field strength F),, or reduce
(using the Einstein equation (4.41) for Einstein-Maxwell theory) to pure geometry. We
therefore recover that the four-derivative invariants respect the electric-magnetic duality
symmetry of Einstein-Maxwell theory discussed in 4.3.1, and so we are left with the two

independent geometric invariants, which we can cast as the W2 and Euler terms
Wi pe WHP? By . (4.65)

It is interesting to trace the origin of the electric-magnetic duality symmetry of F),, in
the underlying N' = 2 supergravity theory. Indeed, at first sight this duality symmetry
is quite mysterious: since F /jyl transforms like X7 under the A/ = 2 symplectic duality
transformations, the embedded Maxwell field F}/, defined in (4.64) is actually invariant under
N = 2 symplectic duality. Therefore the duality symmetry of the Maxwell theory is not a
subset of the N' = 2 duality symmetry.
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We must instead pay attention to the U(1)z symmetry of N' = 2 supergravity. F, Jf is
uncharged while X7 is charged under this U(1)g. So, according to (4.64), the embedded
Maxwell field F’ ;j, must be charged under the U(1)g symmetry with charge opposite to that
of XT. The Maxwell field transforms as (4.39) under the global U(1)g, and so we conclude
that the U(1) duality symmetry of the embedded Maxwell field F),, is identified with the
U(1)g global symmetry of the A/ = 2 theory. Thus it is ultimately the U(1)z symmetry of
the underlying N' = 2 supergravity that lets us reduce the five symplectic invariants given
in (4.63) to the geometric curvature invariants R,,,,, R**° and R, R" or, equivalently, W?
and Fj.

4.4 Supersymmetry Constraints on Four-Derivative Acti-

ons

In section 4.3 we showed that the only four-derivative terms allowed in our Einstein-Maxwell
embedding (introduced in section 4.2.4) are the geometric invariants £, and W?2. Duality
prevents explicit dependence on matter. In this section, we show how supersymmetry further
constrains the four-derivative terms such that only the Euler invariant F4 can appear, hence
proving that the c-anomaly vanishes.

This section proceeds as follows. In section 4.4.1 we discuss simplifications of the four-
derivative Lagrangian (4.29) due to the form of the Einstein-Maxwell embedding introduced
in section 4.2.4 . We will go on to discuss the two known four-derivative chiral multiplets,
the W2 multiplet and the T(log ®) multiplet, in section 4.4.2. We will use use the details of

these chiral multiplets to show how we are forced to have ¢ = 0 in section 4.4.3.

4.4.1 Four-Derivative Action in the Einstein-Maxwell Embedding

The general form of the four-derivative part of the Lagrangian is given in (4.29). In the
Einstein-Maxwell embedding (4.33) we set

Fil=X'F! ,  0,X"=0, (4.66)

28]
so the supercovariant field strengths ]:j,f vanish, and then the Lagrangian simplifies to
. o A
L= O (¢ = =TT A ) +hee. . 4.67
T 16"+ e (4.67)
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We recall from (4.27) that the four-derivative prepotential term F,y = F') is a function of the
vector multiplet scalars, which are all set to a constant in the Einstein-Maxwell embedding.
In this context the four-derivative Lagrangian is therefore given by the supersymmetric

invariant

11 o
£i=t (C T A) : (4.68)

plus its Hermitian conjugate. This shows that, when considering the class of Einstein-
Maxwell solutions discussed in section 4.2.4, the only four-derivative Lagrangian that respects
supersymmetry is made up entirely of Weyl and chiral multiplet fields; no couplings between
the chiral and vector multiplets are allowed when the supercovariant field strengths vanish
and the scalars are constant. This is a consequence of the symplectic duality symmetry
discussed in the previous section.

This supersymmetric invariant (4.68) matches the chiral multiplet density formula dis-
cussed in [119], after the truncation (4.25) has been imposed on the chiral multiplet field

content.

4.4.2 Chiral Multiplet Supersymmetric Invariants

As discussed in section 4.2.3, our interest in the chiral multiplet A is to introduce higher-
derivative terms into the action. In this context the fields that make up the chiral multiplet
are not independent fields, but rather composites of fields that are already introduced as
components of other superfields. In order to introduce four-derivative interactions (e.g. R?
F* etc.) the chiral multiplet must have a Weyl weight w = 2. This also guarantees that
the supersymmetric invariant (4.68) is both symplectically invariant and U(1)g invariant, as
required by the discussion in section 4.3.4.

The only known chiral multiplets that fit these criteria are the W2 multiplet (introduced
in [120] and reviewed in detail in [38,80,81]) and the T(log @) multiplet (introduced in [112]).
In the following, we will discuss the basic structures needed to establish the form of the
supersymmetric invariant (4.68) for each of these multiplets. These multiplets are discussed
in more detail in appendix B.

We first discuss W2, the more familiar of the two. Constraints can be imposed on
the Weyl multiplet (4.4) such that it forms a reduced chiral multiplet, denoted by W .
Using standard rules for performing algebraic operations on chiral multiplets, we can take
the product of this reduced chiral multiplet with itself to obtain a new chiral multiplet

W2 = W, W that is a Lorentz scalar. The components of W? are given in appendix B.5.
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The supersymmetrized invariant (4.68) with chiral field A=W2is
Ly = 1 Clwz — iTJr T Alwe
W2 64 16+
1 vpo /l* Vpo 1 - 1%
= §WWWWH P74 3 Wi po WHP7 + gR“,,TWT* P +3D?

1 1
T T*’“’T;r T — =T7-"D, DT}
o 4 pv

1024 *
1 ) .
—2A,, AT iv’:” SV + (fermions)

(4.69)
+

L2 thus contains a W, WH#° term, in addition to many other terms formed from Weyl
multiplet fields. It is the supersymmetric completion of W, ,,W*#"*? denoted schematically
in (4.3) as “W? + SUSY matter”.

Next, we discuss the less familiar T(log @) multiplet. For an arbitrary chiral multiplet @,
we can take its Hermitian conjugate and then (using chiral multiplet algebra rules) take the
logarithm of this Hermitian conjugate, resulting in the anti-chiral multiplet log ® with Weyl
weight w = 0. We can act on this multiplet with the kinetic operator T, which introduces
two powers of derivatives in order to make the multiplet kinetic [83]. This new kinetic chiral
multiplet has Weyl weight w = 2 and is denoted T(log ®) [112]. The field content of the
T(log @) multiplet are discussed in appendix B.5.

As discussed in [112], the supersymmetrized invariant (4.68) derived from the chiral

multiplet A = T(log ®) can be written as

1 1
— — - +uv B
ET(log@) T 64 (C|T(1og ®) 1_6T/juT ! A'T(log<1>)>

v 1 2 2 1 — v, 1 — —pv A o+ po
= R R 4+ SR = 3D = CRAT, T — o T T T

10241 (4.70)
n }lTWDuDPT;; + A, A — %V; Lyt
+ %VCLV“ + (fermions) ,
where V¢ is given in terms of A| log®> I, ;Zhogin and the Weyl multiplet fields as
V* = 4D"D?A|\0, 5 — SR DyAl g s + gRD“Allog@ — 8iA"DyAl g 5
T TEDY Ay g+ 2 (DT )y + AT D Fyt (4.71)

2
2 | —
+w|$DUR—4DD — DT T |
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and w is the Weyl weight of the chiral multiplet ®. It is important to note that the only
dependence in (4.70) on the details of the chiral multiplet ® is in V*. This means that, no
matter what ® is taken as starting point for the construction, the resulting supersymmetric
invariants are the same up to a total derivative.

The supersymmetric completion of the Euler invariant (denoted schematically as “E, +

SUSY matter” in (4.3)) is the sum of the two four derivative terms introduced in this sub-

section:
‘C; - £;V2 + EE(log ®)
1 i, pe TR S . _ (4.72)
= 5E4 + 5 Wi pe WHP7 + A, AMY + §V;w VTt %VQV + (fermions) .

As discussed in section 4.2.1, we can consistently truncate the full off-shell supergravity
theory down to one with only a subset of the full bosonic content by using the truncation
ansatz (4.14). The result of this truncation, when applied to the supersymmetric invariants,
is

1

; 1 S |
we =3 E,+ %*WWWW“”” + (RW + ET,;ijP) _ ZT-WD,ﬂ)pT;; — 24, A"

_ 1, 21 5 , 1 .
T(log ®) - (RW’ + ETupT;p) + ZT H ’D,quTp—; + A#VA‘M + %VQV s
- 1 2* vpo A pv 1 a
‘CX = §E4 + 5 W,ul/po'W'u ’ + A'UJ/AM + %VGV .
(4.73)

4.4.3 Supersymmetric Invariants in the Einstein-Maxwell Embed-
ding

The final equations for the supersymmetric invariants (4.73) are for any solution that satisfies

the consistent truncation (4.14). We now further restrict to Einstein-Maxwell solutions that

result from the Einstein-Maxwell embedding (4.33). Then the remaining auxiliary fields are

set to

Th =4AF} ., A,=0, (4.74)

L2

where F),,, is a U(1) field strength that sources the geometry via an effective Einstein-Maxwell

action

1 1
_ SpoFm 4.
L= 5 (R+ 1 ) (4.75)
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For such backgrounds the supersymmetric invariants (4.73) simplify to

_ 1 i, oo B s 1
w2 = 5Bt 5 Wonpe W7 4 (R + F F0) = TPV NPE,
- _ 2 1., 1 .
T(log ®) = (R/W + FupFIj_p) + ZF a VMVPF;;, + %VQV s (476)
1 1 1
L =-F =W v UW}WpO' —VaVa .
X 9 4t 9 VP + 2w

The Einstein equation (4.21) and the Maxwell-Bianchi equations (4.22), (4.23) for Einstein-
Maxwell embedding solutions become
R, =—F_Ff,  V,F* =0, (4.77)
which are just the familiar equations of motion for the effective action (4.75). If we now take
the allowed four-derivative Lagrangians in (4.76), put them on-shell by using these Einstein-
Maxwell equations of motion (4.77), and drop any total derivative terms in the Lagrangians®,

we find that they collapse almost entirely:

1
Lop =L ==Ey, L

5 ~0. (4.78)

(log @)
We have hence shown that, when considering Einstein-Maxwell solutions in N' = 2 supergra-
vity, the supersymmetrized Weyl and Euler invariants coincide, while the supersymmetric
invariant corresponding to the T(log ®) multiplet becomes trivial.

We first note that all field strength terms have dropped out of the allowed four-derivative
Lagrangians (4.78). This was expected, based on how the analysis of section 4.3 showed that
electromagnetic duality prohibits such terms. However, the duality analysis allowed for the
possibility of independent W? and E, terms in the four-derivative Lagrangian, since both
terms are purely geometric.

What we have shown in (4.78) is that supersymmetry does not allow for a W? term in
the four-derivative action. Both the supersymmetrized Fuler and supersymmetrized Weyl
invariants coincide on-shell with the ordinary Euler invariant. Supersymmetry is therefore
responsible for drastic simplifications to the four-derivative action, even for solutions that
do not preserve any supersymmetries of the theory itself. This generalizes our results from

chapter 3, where we showed that the supersymmetrized Weyl invariant coincides with the

3 Although the Euler invariant E; can be written as a total derivative in four dimensions, it is a total
derivative acting on (non-covariant) Christoffel symbols that do not fall off to zero at infinity. Its contribution
to the one-loop effective action is therefore not automatically zero and is instead proportional to the Euler
characteristic of the spacetime. The total derivative terms we drop are *W,,,, W#***° and V,V?*, both of
which give a vanishing contribution to the effective action.
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Gauss-Bonnet invariant for Einstein-Maxwell solutions to minimal A" = 2 supergravity.

In summary, we have shown that the c-anomaly must vanish for Einstein-Maxwell solu-
tions embedded in N' = 2 supergravity: supersymmetry at the level of the effective action
guarantees that no W? term can appear. The result applies to each individual N = 2
multiplet by itself and confirms our explicit computations from chapter 2. It applies for
any Einstein-Maxwell solutions, including those that are not supersymmetric. As discussed
before, the logarithmic corrections to black hole entropy are therefore topological. In par-
ticular, they are independent of continuous parameters such as the black hole mass. The
coefficient of the logarithmic correction remains the same as we deform a supersymmetric

black hole off extremality and break supersymmetry by any amount.
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Appendix A

Zero Modes

We initially defined the heat kernel D(s) in (2.12) to include zero modes of A, so

D(s) = Z e N = Z e + Ny (A.1)

i Ai#0

where N, is the number of zero modes (i.e. the number of distinct eigenvalues of A that
are zero). The contribution from the zero modes in (A.1) affects only the constant term and
not any other terms in D(s).

This contribution from zero modes must be reconsidered carefully. The schematic Euc-
lidean path integral representation of the one-loop effective action (2.4) does not apply to
zero modes, as the functional integral over the fields is no longer a Gaussian. Instead, the
zero mode piece of the path integral reduces to ordinary integrals over the symmetry groups
that give rise to these zero modes. These integrals depend on the scaling dimensions of the
symmetry groups. Contributions from zero modes were included in our local expressions but
with an incorrect weight of 1, as in (A.1). The correction due to the actual scaling dimension

of the zero modes is

Com =— > (A= NI+ (24, — )N . (A.2)
icB i€F

where A is the scaling dimension of the field and N, is the number of zero modes associated
with that field [14,22,43]. The fermionic zero modes have the opposite sign as bosonic zero
modes to account for fermion spin statistics. The fermionic scaling dimensions also count

with double weight due to spin degeneracy.
The correct treatment of zero modes introduces the correction C,,, into our expressions
for the entropy in chapter 2, specifically in (2.50) and (2.217). As discussed in section 2.2,

these expressions describe the logarithmic correction to the entropy in the microcanonical
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ensemble where M, (), and J are fixed. In general C,;, can depend on how these quantities
have been fixed. This correction has been computed in many different cases [14,15, 20, 22].

We collect these different results and present them compactly as
Com = —(3+ K) + 2Nsysy + 30, (A.3)

where

—_

for J; fixed with J? arbitrary
3 for J3 = J2=0

4 for BPS black holes
Ngusy = , (A.4)
0 for non-BPS black holes

1 for non-extremal black holes

0 for extremal black holes

Scalars and spin-1/2 fermions have no zero modes. Vector fields have scaling dimension
A1 =1, so there are no corrections due to vector zero modes. All zero modes in the vector and
gravitino multiplets are due to vector fields and thus these multiplets do not get corrected.
Therefore we only need consider the fields in the gravity multiplet.

The metric has scaling dimension Ay = 2 and 3+ K zero modes. There are 3 zero modes
associated with translational invariance and K zero modes associated with the number of
rotational isometries of the black hole solution.

The fermionic zero modes have scaling dimension Az, = % For BPS black hole solutions
there are 4 SUSY zero modes, but there are no fermionic zero modes when the background
does not preserve SUSY.

Non-extremal black holes have a finite temperature and thus we assume the inverse
temperature [ scales with the length scale of the black hole, as opposed to the extremal
limit where 8 — co. We thus have to consider a finite IR volume of integration, which gives
a 30 contribution to (A.3) that exactly cancels the translational zero modes for non-extremal
black holes [20].
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Appendix B

Off-Shell 4D N = 2 Supergravity

In this section, we summarize some of the important technical details of four-dimensional
N = 2 supergravity in the off-shell formalism. These details have been studied extensively
in previous works [38,81,83-85,121]. We will first discuss the construction of the relevant
supersymmetry multiplets and then go into detail discussing the bosonic part of the N = 2
conformal supergravity action that couples these multiplets together, complete with higher-
derivative interactions. We then go on to show how, through appropriate gauge-fixing, we can
obtain a Poincaré supergravity action. We conclude with the consistent bosonic truncation

that we make use of in this work.

B.1 Notation

The setting is a 4D Lorentzian spacetime, with (—+ -++) signature, where spacetime indices
(also known as curved space indices) are denoted by pu, v, ... and flat tangent space indices
by a,b,.... Many of the fields of consideration will also be charged under an SU(2) gauge
group, and we will denote the corresponding SU(2) indices of these fields by 4,7,.... We

denote antisymmetrized and symmetrized indices by

(] = %(/w —vp),  (pr) = %(MV +vp) (B.1)

with similar expressions for tangent space indices and SU(2) indices.

The spacetime metric is g,,, and the flat space metric is 7q,. The two are related via the
vierbein e/, allowing conversion between tangent space indices and curved space indices on
any Lorentz tensor. As such, we will be casual about whether we use flat or curved indices.
The only time where the distinction is important is in determining how the supercovariant

derivative acts, as it acts non-trivially on the vierbein, and thus the supercovariant derivative
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acts differently on tensors in flat space differently than tensors in curved space.
We will also make extensive use of the Levi-Civita tensor €,,,,, a totally anti-symmetric

tensor normalized by

1
ez =V—g, &= _\/——_g . (B.2)

In flat Minkowski space, the metric determinant is /—¢g = 1, and so this simply becomes
the usual Lorentzian Levi-Civita symbol. The Levi-Civita tensor satisfies the contraction
identity

Epropinn oy €O = —nlplgler o) (B.3)
For a U(1) field strength F),,, we will denote the dual field strength by

~ 7 -
w = _§€MVpO'Fp . (B4)

We can also express the (anti-)self-dual parts of this field strength as

1 3
Fi=s (B B (B.5)

pv

B.2 Superconformal Gravity and the Weyl Multiplet

We first want to construct an N = 2 superconformal gauge theory in which all of the
generators act as internal symmetries. To do so, we can take the generators of the N = 2
superconformal algebra and introduce a gauge field associated with each generator. These
generators and associated gauge fields are given in table B.1.

In principle, we need to define a derivative operator D, that is covariant with respect
to the full set of N = 2 superconformal symmetries. Acting with the fully supercovariant
derivative on fields can in general yield very lengthy and complicated expressions due to
the multitude of gauge fields. We can define a new, simpler derivative operator D,, that is
covariant with respect to Lorentz transformations, dilatations, R-symmetry transformations,
and whatever other internal gauge transformations the field transforms under. For example,
if ¢#1#n is a bosonic field with a Weyl weight w, a chiral U(1)g weight ¢, and no SU(2)g

charge, the covariant derivative D,, acts on ¢#*#» by
D, gt = (V,, —wb, —icA,)p" | (B.6)

where V, is the ordinary covariant derivative in curved space with respect to Lorentz trans-

formations. We will eventually gauge-fix such that we obtain a Poincaré supergravity theory
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Transformation | Generator | Gauge Field
Translations P, e,
Lorentz My Wzb
Dilatations D b,
Special conformal K, u
SU(2)n v’ Vi's
U(D)r A Ay
Q-supersymmetry Q" Y,
S-supersymmetry S ¢,

Table B.1: N = 2 superconformal symmetries and their corresponding generators in the
N = 2 superconformal algebra, as well as the gauge fields associated with each transforma-
tion.

in section B.6 and then truncate the theory such that all fermions and SU(2)g charged fields
are set to zero in section B.7, all of which will make the covariant derivative (B.6) more
useful than the full supercovariant derivative D,,.

To now obtain a conformal supergravity theory, the superconformal symmetries must be
realized as spacetime symmetries instead of internal ones. This leads to the (conventional)
constraints that make the fields

wab 7 i fua ’ (B7)

2 B

into composite fields. In doing so, we are forced to introduce new auxiliary degrees of freedom
in the form of an anti-self-dual tensor T, an SU(2) doublet of Majorana spinors ', and a
real scalar field D!,

The remaining independent gauge fields, along with these new auxiliary degrees of free-
dom, form a superconformal gauge multiplet known as the Weyl multiplet. The Weyl mul-
tiplet, introduced in (4.4), can be represented as

(e, W%, by Ay, Vi, Ty X, D) (B.8)

B T o

with 24+24 off-shell bosonic and fermionic degrees of freedom.

LAt this point, we have presented the R-symmetry gauge fields as real, physical fields. However, the
SU(2) g gauge field will eventually be gauge-fixed to zero, and the U(1)gr gauge field does not have a kinetic
term at two-derivative order in the action. We can therefore, from the perspective of the on-shell NV = 2
supergravity formalism, consider these to be auxiliary fields with no true dynamical degrees of freedom.
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B.3 Other N =2 Superconformal Multiplets

We now want to introduce matter in the form of other superconformal multiplets. In this
section, we will detail the field content of the vector, chiral, and non-linear multiplets.

The first multiplet we will consider is the vector multiplet given in (4.5). It is denoted as
I I Ol I I
X'= (X", Q , Wi, v5), (B.9)

with 848 off-shell bosonic and fermionic degrees of freedom in the form of a complex scalar
X', an SU(2) doublet of chiral gauginos €2/, a vector field W/, and an auxiliary SU(2)
triplet of real scalars ng . These vector multiplets are indexed by I. We need at least one
in the theory in order to have enough degrees of freedom to gauge-fix down to Poincaré
supergravity. From the perspective of the on-shell formalism, one of the vector multiplets
will get combined with the Weyl multiplet to form a gravity multiplet, while the remaining
off-shell vector multiplets will become physical vector multiplets. We therefore let the index
I range over

I=0,....ny, (B.10)

where ny is the number of physical vector multiplets we want to couple to the gravity
multiplet.
The next multiplet we will consider is the chiral multiplet, introduced in (4.24). The field

content of the chiral multiplet is
A:(A,\ifi,éij,ﬁl;),Ai,CA*), (B.11)

with 16 + 16 off-shell degrees of freedom in the form of the complex scalars A and C,
SU(2) doublets of left-handed fermions W; and A;, an SU(2) triplet of complex scalars B;;,
and an anti-self-dual tensor F "> that is antisymmetric in its indices?. The chiral multiplet
can in principle be an independent multiplet, but we will eventually consider it to be a
composite function of the Weyl and vector multiplet fields in order to introduce higher-
derivative interactions into the action.
The last multiplet we will discuss here is the non-linear multiplet, denoted as
(@, ., XN, MY, V,) . (B.12)

a )

The non-linear multiplet consists of an SU(2) matrix scalar fields ®°, (where 7 is the SU(2)g

We write this anti-self-dual tensor in (4.24) as F;:u instead of F »- In doing so, we have implicitly

converted from tangent space indices to curved space indices via use of the vierbein e’
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index and a = 1,2 is an additional rigid SU(2) index), a spinor doublet A\, an antisymmetric

matrix of complex scalars M%, and a real vector field V,. The constraint
H 1 H 1 2 Mo o! f ; 1
D'V, — §V Vi, — Z|M”| + D"®' D, % + (fermions) = D + §R (B.13)

must be imposed on the non-linear multiplet fields to assure that the multiplet has the

correct 8 + 8 off-shell degrees of freedom.

B.4 Prepotential and the Action

In the previous section, we constructed superconformal multiplets that each transform under
some representation of the full A/ = 2 superconformal group. In particular, we discussed
the Weyl multiplet, vector multiplets, chiral multiplets, and non-linear multiplets. We now
want a theory that couples together the Weyl multiplet to ny + 1 vector multiplets and a
single chiral multiplet. That is, we would like an action that couples all of these multiplets
together such that the N/ = 2 superconformal symmetry is preserved.

One of the ways to accomplish this is to specify the interactions between the Weyl mul-
tiplet and the matter fields in the vector and chiral multiplets by introducing a prepotential
F = F(X!, A), a meromorphic function of the vector multiplet scalars X’ and the chiral

multiplet scalar A. Derivatives of the prepotential are denoted by

OF OF

L _F _—
axT — "1 9A

Fy . (B.14)

The prepotential is holomorphic and does not depend on the complex conjugate scalars X'
and A, and so F 7 = F7 = 0. The prepotential is also homogeneous of second degree with

respect to Weyl-weighted scalings of X! and A, so
FOXT AvA) = N F(XT A) (B.15)

where w is the Weyl weight of the chiral multiplet scalar A and ) is some arbitrary scaling
constant.

The action is

S = /d4a:\/—_g£ , (B.16)

where L is the Lagrangian for our off-shell theory that couples the Weyl multiplet, the vector
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multiplets, and the chiral multiplet via interactions dictated by the prepotential:

_ _ 1 ) iy
8L = [iD“FIDMXI — i X! (—R - D) — LR Yy

6 8

+ Lpy (For =ty ) (powr Z L gopew
AT\ T g 4

— EFI Fil— 1X1T+V TH — iFTtTﬂW
8 K 4 K 32 F (B.17)
i T e N A

+ 5P (FWI — ZXITW> o Z—lFAIBin”

+ EFAO — %FAABUBMEikéﬂ + iFAAFWF/W} + h.c.

+ (fermions) .

[\

We will eventually be interested in purely bosonic backgrounds, so we do not need the
details of the fermionic terms. The covariant derivative D,, defined in (B.6) acts on the

vector multiplet scalars X’ and the chiral multiplet scalar A by

~

D, X" = (9, — b, +iA)X" | D,A= (0, wb,+iwA,)A . (B.18)

The Lagrangian (B.17) has a term linear in the auxiliary D field
87l =i(F X! — Fr X7 <D — éR) + . (B.19)
which leads to inconsistent equations of motion. In order to fix this, we can couple the theory

to the non-linear multiplet (B.12) such that all linear terms in D are cancelled. We add the

term
. v I n I " 1 o 1 2 ¥ X1 « 1
i(F X! = FrXT) (DU, = VAV, — My + D' D% — D — o R (B.20)

to the Lagrangian, modulo some fermionic terms. The non-linear multiplet constraint (B.13)

makes this vanish, allowing us to consistently add it to the Lagrangian and cancel out all
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explict D-terms in (B.17). The resulting Lagrangian is

]

87L = —S(Fi X' — FIX")R + {z’D“FzDHXI —~ %Fumyﬁj

[\

~

+ —Fyy _7:;111 Fwd _ v Fy ]:;ryf THH * FT/Z/ THw 4 % Far ]_—“—VI }%—uu

4 8 32
— iFA[BZ-jYHj + %FAO — %FAABijBkl€ik€jl + iFAAFF;F_MV} + h.c.

L 1 1 :
+i(F X — FrxT) (D“VM — EV“VM - Z|M,Aj|2 + D“CIDZQDM@O‘i)
+ (fermions) ,

where we have defined the supercovariant field strengths

1

I _ e+l It
Fo, =F, _ZX T,
1 -
I _ -1 Ip—
Fow =L, _ZX T,

B.5 Introducing Higher-Derivative Terms

(B.21)

(B.22)

We are interested in studying higher-derivative interactions in N' = 2 supergravity. As

discussed in section 4.2.3, we can accomplish this by identifying the chiral multiplet (B.11)

as a composite multiplet of other fields. In this section, we will discuss the two known chiral

multiplets that introduce four-derivative terms into the action.

B.5.1 'W? Multiplet

The fields in the Weyl multiplet can be also be fit into a chiral multiplet, denoted as

W, = (Aaba Wabi s Babijs (Fop)ed s Nabi s Cab) ;
of which the bosonic components are

Awlw,, =T,

ab
Babij|wab - _8516(1')}(;, kj) )
—)¢ — ¢ c i c ca—lecec d
(F)w,, = —8W,, “ —4 (qa Sy + SEab d) D+ 16@A[a[ 51,]] :

Cublw,, = 4D DT} + 4D°D|, T}

ble blc + QDCT;E_) :
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where we have defined

1 1
Wo =5 (W™ W, ™) Wy = e W, (B.25)

We can then obtain the chiral multiplet W2 by squaring W, i.e.
W? =W, W (B.26)

where chiral multiplets are multiplied using superconformal calculus rules discussed in [119].

The bosonic components of W? are

Alwe =TT,
Bij|W2 = —16519(11/

a

Foylwe = =16 (W7~ 4 DTy, + 2iA4,T,° )

—ab
b J)T

Clwz = 32 (Wabcdwade + T WapeaW ™ + 6D? — 24,5, A" (B.27)
o1
+ 2AabAab . 5 abD DcTc-ib- + RabT T+bc

1 a c abj yab,
T, T~ T T+ + Vab]V = vaij JZ) :

+256 ab

The scalar Clwz in the W? multiplet has (Weyl)*-type terms in it. This introduces four-
derivative terms into the Lagrangian (B.21), making the W? chiral multiplet one way to

introduce higher-derivative terms into N = 2 supergravity.

B.5.2 T(log ®) Multiplet

Let @ be an arbitrary chiral multiplet, denoted by

= (A, ¥V, By, Fy, A, C) (B.28)

ab
The Hermitian conjugate of ® is the anti-chiral multiplet ®, denoted by
b = (A, V', BY, AL C) . (B.29)

ab7
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From the chiral multiplet ®, we can also construct the chiral multiplet log ®. Ignoring all

fermions, the bosonic components of log @ are related those of ® by

Allog@ = IOgA|<I> )

B,
Bijllog@ - 7] o )
o F, (B.30)
abllog® — —— 5
A 4
Clogd = ¢ + i( el Bij By — 2F , F )
log® — A 4 A2 ee 12kl ab ®

We can also take the Hermitian conjugate of this multiplet to obtain the anti-chiral multiplet
log ®. We can then construct the chiral kinetic multiplet T(log ®) whose bosonic components

are related to the components of log ® by
A‘T(log@) - C|10g<i> )
Bijlraog ) = (—2emeu(0c + 3D)B¥ — 26,V ¥ Fb) |1og s

— - A — i nJ [ c
Fab|T(log‘i>) = (TabDCA - Eijvab kB]k + ETabTC—gF—F !

Y

— 11, (4D.D°F}, + (D.T,)D°A + (DT;) DA — wD.DT.,) )

log ®
Clrgog®) = (4(DC +3D)0,A + 6(D,D)D°A — 16D (R(D)7, D" A)

1 1 1 ,
— §D“(T£T’CbDCA) - ZD“(T;,;T*CI’)DCA + 1—6T;;T+abo

1 . .
+ SO ) + 2D, (DT )P + THDPFf) —wV, V)
~SWR(D)LR(D)*™ = SDTDI " = SDTLDT ) |

log ®
(B.31)

where w is the Weyl weight of the ® multiplet, II_, “d i3 the anti-self-dual projection operator

?

I, = 5a[c§bd} + 2

e, (B.32)
and R(D)}, is the self-dual part of the connection R(D),, defined by

R(D),u = 20,b,) + %AW . (B.33)
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Note that the derivative operator D, appearing in (B.31) is the fully superconformally cova-
riant derivative discussed in section B.2, and the operator [, = D, D* is the superconformal
d’Alembertian. These can be expressed in terms of the covariant derivative D,, and its square
D? [119]. For our purposes, though, we will only need the particular linear combination of
these fields appearing in (4.70), which simplifies in such a way that no explicit occurences of

the superconformal derivative appear.

B.5.3 Higher-Derivative Action

The Poincaré supergravity Lagrangian (B.21) couples an arbitrary chiral multiplet A to the
Weyl and vector multiplets. By identifying this chiral multiplet with a linear combination of
W2 and T(log ®), both of which contain four-derivative terms, the Lagrangian will contain

(at least) four-derivative terms in it. That is, we will set
A = a;W? + 0, T(log @) | (B.34)

for some constants aq, as. This sets the bosonic components of A to be

~

A= CL1A|W2 + a2A|’E(log<§)
Bij = a1Bijlw2 + a2 Bijlr(0g 8) (B.35)
b = G F w2 + a2 Fy |p(og @)

C= a1Clw2  + a2C|p(0g &)

Under this identification, the prepotential F(X A) is a function of the scalars X! and

~

A = a1 Alw2 + a2 Ao #)- Both Alw:2 and Ao ) have Weyl weight w = 2, and so the
homogeneity relation of the prepotential (B.15) tells us that

X' +2F A =2F . (B.36)

The Lagrangian (B.21), subject to the identification (B.35), can now contain higher-
derivative terms, with the derivative order depending on the form of the prepotential. We

will represent the prepotential perturbatively as

FXT A) =) FM(xHA
2 B3

= FOXH+ FOXDHA+ ...,
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for some functions F(™(X7). The zeroth-order function F(®(X) dictates the two-derivative
terms in the Lagrangian, the first order function F((X7) dictates the four-derivative terms
in the Lagrangian, and so on. As discussed in section 4.2.3, we truncate the prepotential to

finite order:

F(XT A) = FOXT) + FO(XDHA (B.38)

in order to have only two- and four-derivative interactions. The bosonic two-derivative part

of the Lagrangian is

i 0) v (0 . 0 > 1 0 i
8L =~ (FVX! — F"X")R + [Z'D”FI( 'D, X! - gF} Oy Ly i
4F}J FolFmwd EF}O)fJJTW - ;—2F<O>T;T+W1 the (B.39)

_ _ 1 1 ;
+i(FOXT - FOX (D“VM — GV = 7 IMy + Dﬂcp%az)“qf;) ,
while the bosonic four-derivative part is
grLW = —5( FOXIA - FYXTAR + {m“( }I)A)Du)?f - éF}in;Yﬂﬂ‘A

4FI(5 ].‘ IJ’.' .UVJA 8F(1)]:+IT+MVA 32 (1)T+ T—f—;wA

%F}”I;VIF—W + %F“)(j - iF}”BUY“J} +hec.

(B.40)

1 1 .
+i(FVXTA - FYXTA) <D“VM — 5V Z|Mj|2 + D“@’aDMCD";) ,

subject to the identifications (B.35) for the chiral multiplet fields.

B.6 Gauge-Fixing Down to Poincaré

The Lagrangian (B.21) has an N' = 2 superconformal symmetry that acts as an internal
symmetry. To obtain an A/ = 2 Poincaré supergravity theory, we must gauge-fix the extra
symmetries of the superconformal theory, including special conformal transformations, dila-
tations, and a local chiral SU(2)gr x U(1)g symmetry. We gauge-fix the special conformal
symmetry by choosing the K-gauge

b,=0. (B.41)
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To gauge-fix the dilatational symmetry, we choose the D-gauge that sets the Kahler potential
to be constant:
8T

e M =i(F X' -FX) ==, (B.42)
K

with the value of the constant chosen to reproduce the standard normalization of the
Einstein-Hilbert term in the action. The SU(2)r symmetry can be gauge-fixed by impo-
sing the V-gauge

' =6, , (B.43)

« «

on the non-linear multiplet, while the U(1)g symmetry can be gauge-fixed via the A-gauge

condition
X=X, (B.44)

The D-gauge (B.42) and A-gauge (B.44) remove two degrees degree of freedom from the
vector multiplet scalars, and thus the Poincaré supergravity theory has only ny independent
scalars, as expected.

The gauge choices made here are by no means unique. And, since physical observables
should not depend on the choice of gauge, different sets of gauge-fixing conditions can be
useful for different types of problems. The gauge choices presented here are typical and

useful in a broad class of applications.

B.7 Consistent Truncation

We now have a theory of Poincaré N' = 2 supergravity with higher-derivative interactions,
introduced by gauging the superconformal symmetries and making particular choices for
the chiral multiplet coupled to our theory. We are in principle at the point where we can
solve the full set of equations of motion to our theory and investigate particular solutions.
However, the action presented thus far is fairly complicated and includes implicit dependence
on a great number of fields, some physical and some auxiliary. This makes finding solutions
difficult. We will therefore look at how to consistently truncate our theory down to a more
manageable set of fields and interactions. We will do this by eliminating auxiliary fields from
our theory wherever possible.

We are primarily interested in purely bosonic backgrounds, and so we will turn off all fer-
mions. These backgrounds will still capture the most salient features of our theory, including
the structure of black hole entropy corrections. The fields Yé and Vui ; and their derivatives
couple either to fermionic terms, or appear at least quadratically with one another. This is

true even when higher-derivative terms are present. It is therefore consistent to set them
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both to zero
I i
Yi=0, V5 =0, (B.45)

at the level of the action. Note that this sets the SU(2)g-charged chiral multiplet field
Bl-j = 0, and so we can ignore all such terms in the action.

Next, we want to eliminate the non-linear multiplet fields V,,, M;;, and ®°, from our
theory. The scalar fields ®°, are easy to eliminate: the V-gauge condition (B.43), combi-
ned with setting the SU(2)r gauge field to zero, makes the derivative D,®’, vanish. The
remaining non-linear multiplet fields can be eliminated by noticing that they interact with
the other matter fields only through the Kihler potential e™* = i(F; X! — F;X7), which is
set to a constant via the D-gauge condition (B.42). The non-linear multiplet fields effecti-
vely decouple from the rest of our theory, and so we can study their equations of motion

independently from the others. We find that we can choose
V,=0, M;;=0, (B.46)

at the level of the action. Now that we have eliminated all of the non-linear multiplet fields
from the theory, the non-linear multiplet constraint (B.13) forces the background value of D
to satisfy

1
D=—3R. (B.47)

The only remaining unconstrained auxiliary fields in our theory are the anti-self-dual
tensor T, and the U(1)p gauge field A,. In principle, we should find their respective
equations of motion, solve for these auxiliary fields in terms of physical ones, and then
replace them with their on-shell values at the level of the action. However, this procedure
only works when the fields are pure Lagrange multiplier fields with no kinetic terms. This is
spoiled by the higher-derivative interactions introduced in section B.5, which include terms
like T~"D,DPT,, and A, A™". The equations of motion for these fields are therefore no
longer algebraic, and so these auxiliary fields cannot be eliminated in closed form. However,
we take the view that the action is an effective action valid at energy scales well below the
UV scale. We will therefore treat the higher-derivative terms as perturbative corrections
to the two-derivative theory, and thus we will still always be able to eliminate all auxiliary
fields.

The result of the preceeding discussion, when combined with section B.6, is that we can

eliminate almost all of the fields from our theory. This is done by imposing the Poincaré
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gauge-fixing conditions

i i Y n 8m

b,=0, &, =¢,, z(FIXf—FIXf):P, (B.48)
and then consistently setting

=V, =V, = M;; = fermions = 0 , (B.49)

at the level of the action. The Lagrangian (B.21) therefore becomes

| 1 ) . ,
L=——R+—|iD'F/D, X" + ~Fp, Fpl Fm) — ZF FriTm

2K?2 81 4 K g ~k (B.50)

1 1 A 1 P} A
— —FT T + —Fy F P + —FaC + —FaaF F7"| + hec. .
390 L +2A1W +2A +4AAW + h.c
Additionally, any solution to the equations of motion of this Lagrangian must satisfy the

constraints

, 1
X'=X° D= —gR : (B.51)

We can also look at the two-derivative and four-derivative parts of the Lagrangian (B.50) by

using the two-term prepotential (B.38). These are given, respectively, by

. i .
L® = —@zﬂ - [D“FI(O)D“XI + 4F,(J]-" ey O o
T

— 3—2F< Ty T ] +he., (B.52)

1 L
£ = [D“(F(l AD, X" + 4F}”f TF-md A — —pMFHTH A

m
- B%F“)T;TWA + %F}”I;VIF—W + %F(l)é +he. (B.53)

which are precisely the Lagrangians presented in (4.15) and (4.29).
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Appendix C

Gaugino Variations

In chapter 4, we studied an embedding of Einstein-Maxwell solutions into off-shell N' = 2
supergravity. And, as we mentioned in section 4.2.4, these solutions are generically non-
supersymmetric but they turn out to all satisfy a subset of the BPS conditions: namely, the
supersymmetry variations of the vector multiplet gauginos all vanish. In this appendix, we
will show this explicitly.

In the off-shell approach to N’ = 2 supergravity, we couple the Weyl multiplet to ny + 1

vector multiplets X!. The vector multiplet components are
I I I I I
X — (X 3 QZ 5 WH 5 YL] ) 5 (C.l)

where X' is a complex scalar, Q] is an SU(2) doublet of chiral gauginos, W is a U(1) gauge
field, and Y} is an auxiliary SU(2) triplet of scalars. The components of the vector multiplet

transform under supersymmetry as follows:

X =éql
1 . )
SO =2 X e; + if&lvabaijej + Yéeﬁ 42Xy,
(5Wi = 8“6{}/‘“9}! + 2€ZJ€LXI¢2L + h.c. s
In the truncation discussed in appendix B.7, we set all fermions and all fields charged
under the SU(2) g symmetry to zero. The variations of all the vector multiplet fields therefore

vanish entirely, except for that of the gaugino. After imposing the truncation and simplifying,

we are left with

1 .
60! =2PX'e; + 5?@17“*’%63 +2X 1y, . (C.3)
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Importantly, the gaugino transform under both Q- and S-supersymmetries, with correspon-
ding parameters €' and 7;, respectively. Since we eventually gauge-fix the superconformal
symmetries of our theory to end up with a theory of Poincaré supergravity, demanding that
our theory is both Q- and S-supersymmetric is too restrictive. Instead, we need to consider
linear combinations of fields that are invariant under S-supersymmetry, and then impose
that their ()-supersymmetry variation vanishes.
In order to find S-invariant spinors, we first recall that the Kahler potential K of our
theory is defined by
e =i(F X - FXT) . (C.4)

The derivative of this potential with respect to the vector multiplet scalars is

oK : > =
ICI = 3X] = —ZGK(F[JXJ _F[) . (05)

Using this, we can now define the compensating spinor (; by

such that it depends on all of the vector multiplets and the coupling between them (e.g. the

prepotential). This compensating spinor transforms under supersymmetry variations as
1 )
5@ = 2’C[@XI€Z‘ + §IC[./—';)I’7ab€ij€] — 27’]Z . (C?)

Notice that the compensating spinor transforms linearly with the S-variation parameter
7; under S-transformations. This means that, given any spinor that transforms under S-
transformations, we can take a suitable linear combination of that spinor with the compen-
sating spinor in order to obtain an S-invariant spinor. In particular, the S-invariant version
of each gaugino field is

O + X'G (C.8)

the supersymmetry variation of which is

0 (4 + XT¢) =2(85 + XTK) IX e + % (65 + XTKCy) Fopveize (C.9)

a

For any field configuration that preserves the full AV = 2 supersymmetry of the theory,
this variation must vanish. Moreover, since the supersymmtry parameters ¢; and € are

independent of one another, the two terms in this variation must cancel independently. This
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can be accomplished in a prepotential-independent manner by requiring that
0. X'=F, =0. (C.10)

These are precisely the two conditions discussed in section 4.2.4 required to embed Einstein-
Maxwell solutions into off-shell N' = 2 supergravity.

We have so far just looked at the variations of the vector multiplet fields in our theory. In
general, we must also look at the variations of the Weyl multiplet fields in order to determine
if a solution is fully supersymmetric. As it turns out, N’ = 2 supersymmetric solutions require
that the background is conformally flat with zero Weyl tensor, and that the mass coincides
with the central charge of the theory [38,81]. The only Einstein-Maxwell solutions that
satisfy these conditions extremal Reissner-Nordstrom black holes, and even then only when
we consider the near-horizon AdS, x S? geometry or the asymptotic Minkowski geometry
alone. The full Einstein-Maxwell solutions in the bulk of the spacetime will not satisfy the
Weyl multiplet BPS conditions. The fact that these solutions do satisfy the vector multiplet
BPS conditions is therefore surprising. It is possible that this “residual” supersymmetry is
responsible for the simplifications we find in this work. We will leave further investigations

of this to future work.
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Appendix D

Duality Transformations of

Four-Derivative Actions

In this appendix, we will derive how a four-derivative Lagrangian in a theory with symplectic
invariance must transform under duality transformations. We will then specialize to N = 2
supergravity, leading to (4.53) in D. We will also discuss higher-derivative correction to
Maxwell theory in D.1, explaining along the way how our results are consistent with earlier
work regarding the duality-invariant deformations of Maxwell theory with higher order terms,
such as [122-124].

The derivation leading to (4.53) is a slight generalization of the derivation in appendix
B of [111]. Using the notation of [111], let us consider a theory with gauge field strengths
F!I . scalars ', and duality transformation functions of the scalars dx* = (). The duality

v
transformation of the Lagrangian of this theory is given by [111]:!

(a0 ;0 [ pJ L plJ 9
5L = (g IR ERG +(ALF! + B GJW)(?FJV c, (D.1)

where G, is the dual field strength to F lfy. If in addition the theory is duality-invariant,

then the above must reduce to [111]
oL = i (CUF;VFJW + B”G[,Wég”) . (D.2)

Now, let’s assume that £ depends on a duality-invariant parameter \. We can then take the

IThis can easily be generalized to allow for higher derivative terms involving the scalars and gauge fields.
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derivative of both sides of (D.1) with respect to A; after some rewriting, we get

LN 0 (. iy aw) 0OL (O L
’ (6)\) O (M 45 GGy ) OX DX On (GA) A(0ux) (D:3)

If duality-invariance is preserved, we can use (D.2) as well as the fact that the field strengths

F ;fy are independent of A to conclude that

s (95) 2 980k, (98 _9L (D.4)

(o)) O\ Ox? oX ) 0(0,x)
This equation generalizes (B.3) in [111] to the case where the £’ are allowed to depend on \.
Now, to use (D.4) in the context of four-derivative corrections, assume we have a Lagran-

gian of the form
L=LD AW+ 00N, (D.5)

so that O, L = LW + O()\). That is, we are assuming that the duality-invariant parameter
is a small parameter governing the size of higher-derivative terms in the action. All functions
of the fields should be viewed as having a perturbative series in ), so the functions ¢! can be

written as

¢ =P+ AW o) . (D.6)

Then, it easily follows that (D.4) can be rewritten as

(2)

4) — _ had (4)i
5L ¢ v (& >8(8uxi) ,

(D.7)

to leading order in A. In other words, the duality transformation properties of the subleading
piece L4 are completely determined (to leading order in \) by the leading piece £?) and
the subleading piece of the duality transformation functions of the scalars &7 ().

Finally, to arrive at (4.53) for the four-derivative corrections of N' = 2 supergravity, we

note that the scalars transform as
6XT = A, X7+ BYF; . (D.8)

The prepotential has an expansion (4.27) in higher-derivative terms, and so we can break

this variation up into two-derivative and four-derivative pieces as

§X'® = AT x7 4 BYFY - 5x!W = BYFWA (D.9)
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Combining this with (D.7) yields the variation (4.53) presented in section 4.3.3.

D.1 Example: Einstein-Maxwell

As mentioned in section 4.3.1, Maxwell theory with the Lagrangian

1
L= FuF" (D.10)

has a duality symmetry of SO(2,R) rotations of the vector (F,

ws Guy), where G, is the

dual field strength defined by (4.37). If we wish to deform the Lagrangian by adding terms
that are higher-order in F),,, the dual field strength G, will change and thus the duality
vector (F),,, G, ) receives corrections. Since the form of the (altered) duality transformations
themselves depend on the higher-order terms added to the Lagrangian, it is in principle
highly non-trivial to determine what can be added to the Lagrangian while keeping duality
invariance of the theory. In fact, it can be proven that if we add any O(F*) terms to the
Lagrangian, to ensure duality invariance we would also need to add an infinite amount of
higher order terms F?" for all n > 2 [122-124]. One possible way of doing so is Born-Infeld

theory

4

L= (114 CF pu L p D.11
BI—? - _'_7 pv _Z( v ) ) ()

where ¢ is a coupling constant with units of (length)?. When g is small compared to some
cut-off scale in the theory, we can expand the Born-Infeld action as

Lot = —}l W g—; ((F ) = (F 7). (D.12)
In the ¢ — 0 limit clearly gives back the Maxwell action (D.10). There are also other
non-equivalent ways to deform the Maxwell Lagrangian in a way consistent with duality
symmetry [123].

As we have mentioned many times in this work, the point of view we are adapting for
the O(F*) terms in section 4.3 (and in particular section 4.3.3) is that these terms are a
perturbative correction to the two-derivative Lagrangian, and so we can express the full
Lagrangian as

L=LD+ 2L 40", (D.13)

so that all relevant quantities must also be expanded consistently in orders of g. Thus,
to demand duality invariance of our theory at four-derivative order is demanding duality

invariance up to order O(g?) only, and not fully non-linear in g. For example, keeping only
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the O(g?) terms in the Born-Infeld action (D.11), we see the unique four-derivative duality-
invariant term Z,, PZH", (see (4.42)) appearing at four-derivative order. This is consistent
with our discussion in section 4.3.3 and above in appendix D, which demonstrates that in
a theory without scalars, the four-derivative corrections must be invariant under duality

transformations, §£*) = 0, in order for the theory to respect duality symmetry.
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Appendix E

Four-Derivative Symplectic Invariants

with Constant Scalars

In this appendix, we elaborate on the discussion in section 4.3.4 on determining the full
set of four-derivative, duality invariant terms allowed in off-shell N' = 2 supergravity when
the scalars are all constant. We will show that there are only five such independent terms
on-shell, and these are precisely the terms given in (4.63).

In section 4.3.4, it was explained that the only duality-invariants containing at most two

symplectic vectors and at most four derivatives are given by

+ iK%
ij - —ngj . X 5 (El)
-2
_ 1K =
Tyvpe =F), - Foy, VT, = —gvplﬁ‘; X, Rupo (E.2)
VAIF:,, . IF;U , VAIF;,, Fo VPVGIF:[V X, (E.3)
+ + + . + - -
ViaF,, - VOE,, . VZVE,, -F o ViaF, -V,F,, VAVWIE‘:[V-IE‘W , (E.4)

and their complex conjugates. Note that each line gives the invariants at a given order in
derivatives (from one to four derivatives). We have left out the zero-derivative symplectic
invariant X - X, as it is proportional to the Kéhler potential which is set to be a constant
on-shell.

To now find allowed four-derivative terms on-shell, we should multiply the above terms
together in such a way that we get a four-derivative term, and then contract Lorentz indices
to form Lorentz scalars. We will use the following principles to determine such terms that

are allowed and independent:

1. Respecting U(1)gr symmetry: Under the N’ = 2 global U(1) symmetry, X and X carry
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opposite charges, while ny is uncharged. Since the four-derivative Lagrangian should
respect the U(1)g symmetry, any allowed term should have vanishing total U(1)g

charge.

2. Discarding total derivatives: If two allowed terms are related by a total derivative, then
we consider them equivalent and thus discard one of the two terms. This is because
we are interested in the independent terms that can appear in a Lagrangian, and so

we are allowed to integrate by parts at will.

3. Using two-derivative equations of motion: When the scalars are constant, the two-
derivative Einstein equations (4.21) set R, = I)\(W)A , so we will freely interchange
the two and use the relation to eliminate any terms containing Z, ;w)/\ in favor of R, .
A consequence of this is also that R = 0. We will also use the two-derivative Bianchi
identity and equations of motion (4.22), (4.23) for the vectors, which allows us to set
VvV, =V, F~#,

4. (Anti-)self-duality of ny : Finally, when contracting Lorentz indices to form a Lorentz
scalar, we will use the (anti-)self-duality properties of ij intensively to relate diffe-
rent ways of contracting Lorentz indices to each other. This will drastically reduce
the number of independent four-derivative Lorentz scalars we can construct, as many
different contractions of Lorentz indices can often be shown to be equal using these
(anti-)self-duality properties. We will also allow ourselves to keep in mind the explicit

form of G, given in (4.45) in terms of F,}'.

We now proceed systematically to investigate all possible four-derivative Lorentz scalar

terms that we can write down using the above principles:

e We can take a single term from the four quantities in line (E.4) and contract Lorentz
indices to obtain a four-derivative Lorentz scalar. First of all, it is obvious that we
can ignore the second and fourth terms in (E.4) as they are equivalent to the third
and first term, respectively, via integration by parts. Using self-duality of IF;“V and the

explicit form (4.45) of G}, in the vector F

Tuw s it can be shown that there are actually no

non-zero contractions of the first term in (E.4). Finally, there is only one independent,
potentially non-zero contraction of the third term, given by (V,F*™)(V,F~*,), but
we can use the Bianchi identity and equations of motion to relate V,F~° = VPIF“M,

so that this term will also vanish.

e We can take a quantity from line (E.3) and multiply it by (E.1). However, we can use
total derivatives to relate any such resulting term to a term that is a product of two

quantities from (E.2), so there are no such independent terms.
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e We can take two quantities from line (E.2) and multiply them together, contracting
Lorentz indices. The second quantity in (E.2) is charged under U(1)g and can be
multiplied by its complex conjugate to obtain a U(1)g invariant term. There is one

independent way of forming a Lorentz scalar in this way:
V”TJ“’“’V”TF; ) (E.5)

We can also multiply the first or third quantities from (E.2) amongst themselves.
Using the Einstein equations of motion and (anti-)self-duality properties, we can see

that there are only two independent such terms:

Ry R*™ | RypeR™P (E.6)

e We can take a quantity from line (E.2) and multiply it twice with (E.1). We must
take care that the resulting term is U(1)g invariant. Then, again using the Einstein
equations of motion and (anti-)self-duality properties, we can conclude there is only

one independent such term:
RWT’L"pT_”p . (E.7)

e Finally, we can multiply (E.1) or its complex conjugate with itself four times. We must
take a U(1)g invariant term, of course, and (anti-)self-duality properties tell us there

is only one such term:
—p—pvpto+t
T A SRl e (E.8)

Putting everything together, we see we have obtained a total of five independent terms, as

given in (4.63).
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