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Abstract

In this thesis we give a brief review of modern black hole physics. We point out that a
microscopic derivation of entropy for black holes, is facilitated by the mere presence of some
conformal field theory, whose central charges and conformal weights give us the entropy via
the Cardy formula. Ultimately we are interested in the continuation of the recently proposed
subtracted geometry approach, which manifests hidden conformal symmetry for non-extremal
asymptotically flat black holes. We review this approach in detail, reproducing several of
the results found in the literature, amongst which is the fact that for the four-charged
black holes in the N' = 2 minimal supergravity model (STU model), the warp factor Ag
may be altered to A = A + © G, leaving the thermodynamic potentials unchanged while
altering the asymptotics. This change in warp factor maintains separability of the massless
Klein-Gordon equation, and gives the radial equation a hypergeometric form; making the
conformal symmetry manifest. In the literature, the minimal warp factor A (going like r for
large r) has been studied extensively, thus we focus our attention on the class of subtracted
geometries with warp factors A with © # 0. We identify a set of warp factors Axngrk:a
given by © = Am? 4 (7 — A)a® + a® cos?d, for which the near-horizon extremal Kerr limit
coincides with the very same limit on Ag. This is significant as the same limit on A failed
to coincide with the limit on Ag. In pursuit of matter supporting the subtracted geometry
with Axmagk,4, we find matter supporting a large class of warp factors in the simpler case
© = Op (a constant for static geometries). In the rotating case we find matter for the
warp factor A_ = A%, = 4m?((Il. — IL,)r + 2mll,)? via a scaling limit on the original
matter. It remains to find matter for Axgrk 4, as a scaling limit is not applicable. We also
present the perspective of subtracted geometry from the dual CF'T point of view, where in an
interpolating black hole family, the flow from subtracted to original geometry is understood
as the effect of irrelevant deformations. We conclude with an outlook, presenting several
interesting future directions.
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One geometry cannot be more true than another;
it can only be more convenient.

~ Henri Poincaré
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Introduction

The introduction is divided into five sections. The first gives a short historical introduction
to black holes in theoretical physics, with focus on general relativity. The second section
scratches the surface of the Schwarzschild solution, in a manner that allows for a fluid
introduction to concepts central to black hole physics. The third gives a brief review of black
hole thermodynamics, with emphasis on the questions that it allows us to ask. The fourth
section sets the stage for the remainder of this thesis, briefly introducing novel ideas that
may answer the questions of black hole mechanics, and resolve the microscopic structure of
black holes. Finally, the last section gives an overview of the remainder of this thesis.

1.1 The Birth of Black Hole Physics

The advent of black hole physics is hard to pinpoint, but perhaps it was the idea put forward
by John Michell in a letter to Henry Cavendish in 1783. Michell reasoned that particles of
light emitted from distant stars would slow down due to the attractive nature of gravity. He
argued that in extreme cases, when the star was sufficiently dense, the escape velocity would
be greater than the speed of light effectively making the star invisible to distant observers.

Perhaps not surprisingly, Michell’s idea did not catch on at the time, it was too wild! A
lucid treatment remained out of reach until Einstein shared his new insight regarding time
and space, which lead him to a novel understanding of gravity in the context of the theory
of general relativity (GR) published in 1916. GR is a pillar of modern physics, and a short
review of its principles is in order.

GR follows from a set of postulates and principles. Primarily, Einstein postulated the
constancy of the speed of light, which lead to the theory of special relativity. Unfortunately,
special relativity did not incorporate gravity, ultimately it treated spacetime as a flat space-
time, Minkowski-space, where coordinates and distances have their usual intuitive global
aspects. He extended the theory to explain gravity by an incredibly simple, and ingenious
insight, which we refer to as the equivalence principle. The equivalence principle asserts that
an accelerating frame and a stationary frame in a gravitational field, are locally indistin-
guishable: An observer accelerating in a space ship experiences the same "force” as another
observer stationary in a gravitational ﬁeldﬂ GR was as such born out of an adaptation of
special relativity, by discarding the idea of global inertial frames, and replacing it with the
notion of local inertial frames. A patchwork of such local inertial frames, translates into
the abstract mathematical construction of a differentiable manifold, the curvature of which
manifests itself locally as what we experience as a gravitational "force”.

As a side note, the mathematics used to deal with the notion of spacetime in GR, is
the mathematics of differential geometry. An account of differential geometry and other
important mathematical results are largely omitted in this thesis. The literature available is
vast as well as brilliant, and the interested reader should not find accessibility a problem.

Now that the main underpinnings of GR have been sketched, we jump to the central pillar
of GR, namely Einstein’s field equations. These can be derived from fundamental principles,

!This is strictly only true in the limit of very tiny regions of space, the equivalence principle is a local
statement.



2 Conformal Symmetry for Black Holes

as well as from a Lagrangian point of view. Denoting a general spacetime (M, ¢), a manifold
with an associated metric, Einstein’s field equations present themselves as a set of coupled
non-linear differential equations

Ry, — 2Rgu, = 871G T, (1.1)

where G is the four-dimensional Newton constant and we are using units in which the speed
of light ¢ = 1, we will stick to units in which ¢ = 1 throughout this thesis. These equations
comprise the key relation between matter and geometry. The Riemann curvature tensor
RH, s with its contractions R, and R, are invariant measures of the curvature of spacetime,
while the energy-momentum tensor 7}, encodes the energy content of the spacetime.

In the Lagrangian formalism of gravity, choosing the metric as the dynamical variable,
the field equations can be derived from the Einstein-Hilbert action supplemented with a
matter term Spatter:

1 4
SEH + Smatter - m /d x\/ng—l_ Smatter- (12)

By the principle of least action (stationary action §5 = 0), one readily finds that §Sgpy = 0
for all metric fluctuations d¢g"” only if (1.1) is satisfied, where the energy-momentum tensor

is identified with
2 6Smatter

Vg b

The idea is that R",,, depends uniquely on the metric g, (using the Christoffel con-
nection), therefore, the Einstein field equations relate g,, to the energy and momentum of
spacetime. A g, that solves these equations for a given T},, encodes the curvature of a given
spacetime manifold. Inserting a suitable energy-momentum tensor, such a solution reveals
what kind of spacetimes are supported by massive stars. As we shall see, stars with a density
beyond a critical value will support remarkable spacetimes, namely black holes.

TMV = (13)

1.2 Black Holes in General Relativity

Despite the fact that Einstein himself is said to have rejected black holes, his theory supports
their existence; they appear as solutions to his field equations. We thus move on to discuss
some of the, by now, well known black hole solutions.

The Einstein equations are highly non-linear, and finding a solution given some arbitrary
T,,, is not straight forward at all, if at all possible. To make the search for solutions feasible,
it is common practice to a priori look for solutions that posses a certain degree of symmetry.
Obviously, empty space, for instance Minkowski-space has the maximum symmetry, and
black holes will in general only inherit a subset of these symmetries. The black hole solutions
that we will discuss, and the black hole solutions that one in general looks for, are ones with
a large degree of symmetry, and this required symmetry simplifies the search for solutions
tremendously.

The first discovered ezact black hole solution to Einstein’s vacuum? field equations is
the Schwarzschild black hole, discovered shortly after the arrival of Einstein’s GR. The
characteristics of this spacetime are largely attributed to the symmetries employed in its
construction, being a spherically symmetric and stationary spacetime. These symmetry
requirements turn out to be very restrictive, and the corresponding unique solution takes on
the astonishingly simple form

2G M 2GM\
gudatds” = ds* = — (1 - Cjﬂ) dt* + <1 - i) dr? + r2dQ?, (1.4)

2The vacuum field equations are acquired by setting T, = 0, rendering Einstein’s field equations R, = 0.
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where t and r denote respectively time and radial coordinate, G is Newtons constant, M is
the mass of the black hole and dQ? = d6? + sin® 6d¢? is the metric on the unit two—sphereﬂ
The signature of this metric is mostly positive, (— + + +), we will stick with this convention
throughout this thesis.

There are several things to note about this metric, firstly, due to the spherical symmetry
of the solution, it is to very good approximation the geometry of spacetime in the vicinity
of a spherical energy density, such as a non-rotating (i.e static) stationary star. Secondly,
notice the singularity at r = 2GM. This singularity gives rise to an event horizon, let us
emphasize that the horizon is only present for objects with mass confined within a sphere of
radius 2G M, since the solution is only valid in vacuum.

In Schwarzschild coordinates {t,r,0, ¢}, t represents the proper time of an observer sta-
tionary at infinity, and to such an observer, infalling matter will never be seen to cross the
horizon. This is a direct consequence of the singularity present in these coordinates which
dictates the closing up of lightcones with decreasing r, closing completely at r = 2GM where
for radial null geodesics dt/dr — +o0.

In terms of coordinates adapted to an infalling observer however - one moving along a
geodesic parameterized with a proper time 7, there is nothing stopping the observer from
crossing the event horizon within a finite proper time. Eddington-Finkelstein coordinates are
such adapted coordinates in which light cones gradually tilt toward the center of the black
hole. The light cones no longer close up at the event horizon, but are found to be tilted to
such an extent that the entire future light cone is confined within the horizon. Consequently,
signals of light emitted beyond and at the event horizon will never reach future null infinity
(Z7 in figure , and an outside observer at r > 2G M sees nothing from within the region
enclosed by the horizon, the black hole.

In Eddington-Finkelstein coordinates, we can follow a freely falling observer past the
horizon, and we see that the coordinate singularity at » = 2GM is only an artifact of
Schwarzschild coordinates. However the physical singularity located at » = 0 is still present.
To convince oneself that the metric diverges independent of coordinates as » — 0, one can
compute the Riemann curvature tensor fully contracted with itself

48G2 M*>

UV po _
RMPTR 1y pe = G

(1.5)
Clearly this expression diverges as r — 0, indicating that » = 0 represents a true singularity of
the spacetime. In figure (1.1, a conformal diagram of the maximally extended Schwarzschild
solution is shown. It brings the infinities to a finite distance, and allows for a compact
representation of the causal structure of spacetime. This diagram nicely summarizes our dis-
cussion of the Schwarzschild black hole, clearly showing the event horizon as the intersecting
45 degree lines. The diagram captures the essential fact that future directed time-like and
null geodesics that cross the future event horizon are destined to hit the singularity in the
future.

There are a few other exact black hole solutions to Einstein’s field equations in four
spacetime dimensions, they are the following generalizations of the Schwarzschild solution;
the charged, the rotating and the charged-rotating black holes, respectively named Reissner-
Nordstrém, Kerr, and Kerr-Newman black holes. These solutions are unique; they are the
only stationary spherically/axially symmetric solutions to Einstein’s field equations in vac-
uum (the charged are solutions to the Einstein-Maxwell field equations where T}, is specified
by the electromagnetic field-strength tensor F},,). These solutions are completely specified
by their mass, charge and angular momentum, a fact referred to as a no hair theorem. Ex-
plicit expressions for their metrics can be found in most modern textbooks treating general
relativity, such as [10]. Although the solutions presented in [10] are highly symmetrical and

3The tensor product ® is omitted, as is usual, strictly speaking ds® = g, dz" ® dx”.
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Figure 1.1: Conformal diagram of maximally extended Schwarzschild. The wavy lines indi-
cate the locations of spacetime singularities, the top being a black hole singularity
and the bottom a white hole. Horizontal lines are lines of constant time, and
vertical constant radius. Lines at 45 degrees are null geodesics.

stationary, they do in fact represent realistic or at least near realistic end products of grav-
itational collapse, since any deviations from stationarity in the past (upon early formation
of the black hole) is likely to decay quickly.

Before we go on to discuss the Kerr-Newman family we will mention a thing or two about
uniqueness of solutions to Einstein’s equations in general. Most notably, uniqueness is only
partially true as it breaks down in higher than 4-dimensional spacetime. In 5-dimensional
spacetime, restricting to asymptotically flat solutions with both mass and angular momen-
tum, Emparan and Reall found the existence of a black-ring, i.e a geometry with horizon
topology S* x S? [24]. Furthermore, for specific ranges of mass M and the angular momentum
J, there is not a unique solution, in fact, they found that there are several possible solutions;
two black-rings (of different horizon area) and a black hole (horizon S3). However, for special
cases, such as the static asymptotically flat black hole solutions to Einstein-Maxwell-Dilaton
theory, uniqueness continues to hold in dimensions D > 4 [33]. In general, uniqueness de-
pends on the matter coupled to Einsteins GR as well as the dimensionality of spacetime. For
a detailed review on uniqueness of black hole solutions take a look at [33]. Even though black
hole solutions are non-unique in general, they are still characterized by very few parameters,
too few to describe the matter that formed the black hole, e.g a massive star.

Let us get back to discussing the family of four-dimensional black holes of Einstein-
Maxwell theory, namely the Kerr-Newman family. This family encompasses a variety of
solutions corresponding to different regimes of the parameters M, @ and J. As expected, the
family contains of course, the Schwarzschild (@ = J = 0), the Reissner Nordstrém (J = 0),
and the Kerr (Q = 0) —black holes. Without going into the details, let us simply mention
that one finds solutions lacking an event horizon — naked singularities, solutions with an inner
and an outer horizon, and extremal solutions where the event horizon is degenerateﬂ Apart
from the naked singularities which are thought to be unphysical by the cosmic censorship
conjecture, the different types of horizon configurations are very interesting. For our purpose,
the extremal black holes are most noteworthy and will be the focus of later discussion.

In the previous paragraph we left out a feature specific to rotating black holes (J # 0).

4This implies that the surface gravity vanishes on the horizon, and as we will learn in the next section,
that the black hole will have zero Hawking temperature.
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Such black holes will possess an ergo region, within which observers can not remain stationary,
they are forced to partially move along orbits generating the axial symmetry. A curious
implication of this was discovered by Penrose, namely the Penrose process suggesting that
it is possible to extract energy from such a Kerr black hole by carefully tossing matter into
the ergosphere.

The Penrose process is a nice toy for learning about black hole mechanics. From it, we
can motivate an analogy between black hole parameters and the parameters characterizing
a thermodynamical system. In all fairness however, the pillars of black hole mechanics are
more fundamental and rely on deep geometrical truths as well as general observations in
certain GR settings. In the next section we will discuss the analogy between black hole
mechanics and thermodynamics, motivated by the Penrose process, and backed up by their
various rigorous geometrical/GR proofs.

1.3 Black Hole Thermodynamics

There is a limit to how much energy can be extracted from a thermodynamical system in the
form of 'useful’ work. In other words, there is only a certain amount of energy available to us.
Likewise, there is a limit to how much energy can be extracted from a Kerr black hole in the
Penrose process. As we are about to learn, this has to be so as one would otherwise violate
Hawking’s area theorem, also known as the second law of black hole mechanics. There is also
a zeroth and a first law of black hole mechanics, and a more general version of the second
law (GSL), all of which are conveniently named after corresponding thermodynamical laws.
We shall briefly review these laws in this section, starting with the zeroth law.

The zeroth law of black hole mechanics is a statement about the surface gravity x of
black holes in stationary equilibrium. The zeroth law states that s is constant on the event
horizon. Under certain assumptions this can be proved geometrically as was done by Carter
[56]. Another proof alleviates some of the geometric assumptions replacing them with the
dominant energy condition and validity of Einstein’s equations. This proof is due to Bardeen,
Carter and Hawking [4]. This law of black hole mechanics suggests that x is analogous to
temperature; all parts of a system in thermal equilibrium are at the same temperature — the
zeroth law of thermodynamics.

The first law is an equation relating variations of the different black hole parameters. It
was originally derived in [4]. Their derivation requires the perturbation to be stationary, and
makes use of Einstein’s equations. More general derivations of this law have been established,
for instance it has been shown to be a consequence of an identity holding for the variation
of the Noether current when considering general properties of field equations, specifically
holding for any field equation derived from a diffeomorphism covariant Lagrangian [36].

A less intensive study; simply calculating the differential mass in the Penrose process for
a Kerr black hole with angular momentum J, horizon angular velocity Qy, surface gravity
% and horizon area A, reveals the following first’ law

K
oM = ——50A+Qyd 1.
5o C + QuoJ, (1.6)

in units with A = ¢ = kg = 1. One should compare this with the first law of thermodynamics

dE = TdS — pdV, (1.7)

where F,T,S,p and V denote respectively, internal energy, temperature, entropy, pressure
and volume.

Before we jump to conclusions based on these observations, let us also review the second
law of black hole mechanics and its generalized version. This law is perhaps the most
interesting of all the mechanical laws. Assuming the weak energy condition T}, t*t" > 0,
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where t# are tangents to null-geodesics, and that the cosmic censorship hypothesis is valid, it
can be proven that the area of a future event horizon in an asymptotically flat spacetime is
non-decreasing with time. The original proof by Hawking as found in [32] is rather involved.
Roughly speaking it relies on the study of the expansion 6 of geodesic congruences generating
the null hypersurface (the horizon).

The expansion is a measure of the rate of change of the local area elements defined by
nearby geodesics in the congruence. If the area element were to decrease with time, that
is, if # < 0, then, within a finite affine parameter nearby geodesics must intersect at some
caustic which would imply that such null geodesic generators would have a future endpoint.
A theorem by Penrose states that generators (geodesics) on the future horizon have no future
endpoints, which contradicts with 8 < 0, implying that 6 must be greater than or equal to
zero, and thus that the rate of change of area elements on the future horizon must be positive
with increasing time. Reference [14] gives a detailed and referenced account of this proof.

The increase in horizon area with increase in time, is of course analogous to the increase
of entropy with increase in time — a way of stating the second law of thermodynamics. In
the early 70’s, this and the fact that information crossing the horizon is irretrievably lost,
lead Bekenstein to propose that the entropy of a black hole was up to an unknown constant
given by the area of the horizon in units of the Planck area [5].

Bekenstein’s observation went something along the following lines. Working in units
where ¢ = kg = 1, [E] = [m] the Planck length is simply v/Gh. Observing furthermore
that QudJ is just a work term associated with changing the angular momentum of the Kerr
black hole, we find that that the expression for the differential mass for the Penrose process
can be expressed as

dE =TdS + (work terms), (1.8)

with

E~M,  Spu T ~ hk. (1.9)

hG’
These are not precise relations; we can multiply the entropy by an arbitrary constant o and
the temperature by 1/, and the first law would be unchanged, due to their appearance as
TdS. However, this analogy gives us, with certainty, that Sgi ~ A and T' ~ k. Furthermore,
the laws of black hole mechanics, such as constancy of x over the horizon (stationary BH)
and dA > 0 coincide respectively with the zeroth and second laws of thermodynamics as
we have already pointed out. Bekenstein proposed that in general the following generalized
second law should hold

0Stot > 0, Stot = SBH + Smatter; (1.10)

where Spg denotes the entropy of the black hole, and Spatter the entropy ascribed to the
matter outside the black hole. This ensures that the second law is upheld even when the
black hole is Hawking radiating, we will get to that in a moment.

Finally only the third law remains to be discussed. It states that a system cooled to
absolute zero also has to have vanishing entropyﬂ For black holes, this translates into xk — 0
implies that A — 0. However, evaluating x for the Schwarzschild solution, and noting that
at any moment in time the horizon is the spatial two sphere of radius r = 2GM, we have

1 2772
K=o A=16mG“M~. (1.11)
Clearly, taking M — oo gives us kK — 0 and A — oo, in contradiction with the third law.
In general there are many such extremal (x = 0) black holes whose entropy remains finite.
Although this is in violation with the third law this is not taken very seriously as the third

By [-] we mean the dimension of -
SFor simplicity we assume no residual entropy associated with degenerate ground state
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law is known to be violated by ordinary quantum systems as well, it is in other words not
truly fundamental [56].

Although the third-law is somewhat brushed aside, we cannot ignore the fact that black
holes are "black” Recall section - nothing can ever escape from the region of spacetime
enclosed by the event horizon - including the horizon itself. This implies that black holes
cannot emit radiation, which in turn makes it difficult to see how black holes can have a
temperature proportional to .

The temperature problem is not the only puzzle in store, what about the entropy? The
no hair theorem states that black holes are characterized by very few parameters. This is
a formal way of stating that the complexity of whatever collapsed to form the black hole is
not ’'registered’ in the resulting black hole. As an example the Kerr solutions is completely
specified by its angular momentum and mass with no reference to its predecessor. This
theorem begs the question. How is the entropy realized, is there underlying 'microscopic’
physics that can support Sy ~ A?

The temperature problem was surprisingly alleviated by a semi-classical calculation car-
ried out by Hawking [30]. Treating quantum fields on a fixed GR background, no back
reaction, Hawking showed that black holes radiate thermally, with a black body spectrum
at a temperature
_hk
=5

Actually, to an asymptotic observer the radiation is not precisely given by the black body
spectrum, it deviates by so called greybody factors [29].

Tu (1.12)

We will not dive into the details of the semi-classical calculation. There is a quick and
rather sketchy way of deriving the correct result, by analytically continuing the coordinate
time ¢ to —¢7 such that the time signature is now "Euclidean’. The near horizon geometry
then turns out to be Euclidean space in spherical coordinates, with the exception of a conical
singularity that is only avoided by requiring 7 to have period 27 /k, which is identified with
the inverse temperature in the Euclidean partition function.

A more instructive and physically pleasant derivation relies on a phenomenon that de-
scribes the physics of a situation very similar to being near the horizon of a Schwarzschild
black hole, namely the Unruh effect. Unruh radiation [52] is the thermal radiation predicted
to be recorded by a constantly accelerated observer in Minkowski-space. This is a quantum
mechanical result, that roughly speaking asserts that there will in general be disagreement
on the particle number, and in particular on the vacuum state among different observers.

The relation to black holes is easily seen when studying the local structure of spacetime
for stationary observers (observers on timelike orbits). The structure is found to be that
of Rindler space — Minkowski-space as observed by a constantly accelerated observer. The
temperature that such a constantly accelerating observer measures is

ha

Ty = 24
U 27_[_7

(1.13)
as predicted by Unruh, where a is the magnitude of the four-acceleration. To be stationary
close to the horizon requires a tremendous acceleration. In the limiting case where we
consider an observer on a timelike orbit at r — 2GM, a — oo. However, on the watch of a
second observer stationary at infinity where the Schwarzschild time ¢ is the proper time, we
measure an acceleration

dr
a=—"-a, 1.14
7 (1.14)
where 7 is the proper time of the stationary observer close to the horizon. In the limit
r — 2GM, a — k, thus we identify the Hawking temperature Ty = g—;, as the temperature

measured by a stationary observer at infinite r. With this identification of temperature, it
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was possible for the first time to identify the previously unknown constant in (1.9) with a
quarter, thus fixing the expression for entropy

A

il (1.15)

SBH =

It is clear that Hawking radiation solves the classical problem of vanishing black hole
temperature. On the other hand, addressing the question regarding the micro-states com-
prising the entropy is extremely involved. It is in a very real sense a modern problem, that
despite much effort and successes in specific cases, lacks a generally fulfilling answer. As we
will discuss in the next sections, string theory gives us a possible scenario.

In light of Hawking’s discovery the third law seems to hold for 'mormal’ black holes:
They have finite temperature and entropy, and attempts at cooling (reducing k) of black
holes, becomes increasingly difficult with decreasing temperature. However, extremal black
holes, for which x is zero may very well have non-vanishing horizon area. An example is
the extremal Reissner-Nordstrém black hole with GM? = Q? + P2, the gravitational charge
(M) exactly balancing the electromagnetic charges (@ and P). In this case the degenerate
horizon is located at r = GM, implying finite entropy in violation of the third law. Even
though we do not consider the violation of the third law as a problem, we do acknowledge
the fact that cooling a black hole to absolute zero, is in effect physically impossible. It is
conventional to think of extremal black holes as finely tuned black holes, that despite being
highly unrealistic have simplifying features that help shed light on the mysteries of black
hole thermodynamics. We will indeed have more to say about extremal black holes later.

Although Hawking resolved both the issue of classically vanishing black hole temperature
and the fixation of Bekenstein’s constant, his semi-classical calculation poses a new riddle.
Observing that k ~ 1/M, we notice that Hawking radiation facilitates a runaway process
for the mass of black holes. Large black holes can have lifetimes comparable or even greater
than the timespan of the universe, while smaller ones have very short lives, and completely
evaporate within the lifetime of the universe. At first thought this does not seem too bad,
the energy-momentum tensor does not satisfy the dominant energy condition in the semi-
classical framework [56], and thus the area theorem is not violated; allowing for the horizon
area to decrease with time. Furthermore, despite the fact that the area decreases during the
evaporation process, the total entropy S = Spg + Smatter does not, since the particles in the
Hawking radiation contribute to Spatter accordingly [56]. So what exactly is the problem
with Hawking radiation?

The problem with the runaway process of Hawking evaporation, lies in the completely
thermal nature of the radiation. Consider a region of spacetime containing matter which prior
to collapsing to form a black hole bears quantum correlations with matter that will remain far
outside the black hole once it forms. Now, as the black hole evaporates, the emitted Hawking
radiation is completely uncorrelated with the matter that remained outside the black hole,
i.e the matter remaining in the black hole becomes increasingly correlated retaining the
original correlations with the matter that remained outside the horizon. However, as the
black hole will eventually evaporate completely, it seems we have lost all correlations, that
is, the originally pure state has evolved to a mixed state. Thus Hawking radiation facilitates
the loss of information [56], and this paradox or puzzle is accordingly named the information
paradox (puzzle).

It seems very difficult to resolve this paradox. A reasonable approach would be to realize
correlations within the Hawking radiation, however this seems difficult, if not impossible,
in a local quantum field theory [43]. It is however, thought, that non-local quantum field
theories such as string theory, could allow for correlations giving Hawking radiation the
ability to encode the original information. String theory has indeed aided in the discovery of
certain idealized scenarios, in which information retention is realized. These take the shape
of holographic dualities such as the famous AdS/CFT correspondence that literally suggests
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that a conformal field theory lives at the boundary of a bulk string theory in anti-de Sitter
space. Thus is seems quite feasible, at least in certain settings, to realize the information
return scenario, and the problem lies in understanding where the semi-classical Hawking
derivation goes wrong [43].

In this thesis we will not dwell on the information puzzle, instead we will be addressing
the related entropy puzzle. The entropy of black holes has the puzzling feature of scaling
as the horizon area. Specifically, we are having a hard time trying to understand how to
derive the area law from supposed microscopic degrees of freedom. As we shall see,
for certain extremal black holes, string theory gives a beautiful account of the entropy when
certain Dirichlet branes are used to model the microscopic degrees of freedom. In general, we
do not have the luxury of a string theory description. However, it seems that an underlying
conformal field theory (CFT) can account for the entropy of general black hole microstates.

1.4 A Theory of Quantum Gravity

To better understand black hole thermodynamics, it became necessary to incorporate quan-
tum mechanical effects as exemplified by Hawking’s semi-classical derivation of black hole
temperature. It is safe to say that his discovery revolutionized black hole physics; Hawking
radiation, gave rise to the information paradox and set the stage for a puzzling entropy.
Resolving these issues has been a common goal for many theoretical physicists intrigued by
black holes. To address the information paradox and the entropy puzzle we need to look
beyond semi-classical results. Indeed the presence of i, G and ¢ (which we set to 1) in
the Bekenstein Hawking entropy formula, is a clear giveaway to the quantum gravitational
nature of black hole entropy. What we really need to get our hands on, is a fully fledged
quantum theory of gravity, in which we can treat general relativity and quantum mechanics
simultaneously.

We are out of luck, it is not easy to quantize gravity, as a consequence, gravity is not
incorporated in the triumphant standard model. This might sound like a big flaw, but the
gravitational force is incredibly weak when compared with the electromagnetic, the strong
and the weak nuclear forces, to the extent that its presence hardly makes a difference at the
scales probable by todays accelerators. However, a clear understanding of quantum gravity
becomes necessary in order to understand the physics of black holes, precisely because these
are regions of spacetime where gravity dominates.

Roughly stated, the difficulty with quantizing gravity lies in the ultraviolet (UV) di-
vergences that arise (divergences at high energy - short length scale). It is our inability
to subtract these divergent terms by a finite number of counter terms, known as non-
renormalizability, that stops us [22].

Despite the difficulties in quantizing gravity, it looks like string theory may give us a way
to avoid UV divergences. In string theory, extended one-dimensional objects, strings, interact
with each other at finite distances characterized by the string length scale /5, providing
a natural UV cutoff [22]. In other words, the stringy nature is thought to comprise the
ultraviolet degrees of freedom that can regulate the UV divergence, and the string length,
usually taken to be of the oder of the Planck length ¢, provides us with a cutoff. We should
point out that at the moment we do not seem to know for sure whether string theory is UV
finite or not [50]. String theory as we know it, may not be enough.

In addition to 'taming’ the UV divergence, one finds that spacetime emerges in the low
energy limit. There are several types of string theory to which low energy effective actions
correspond: A bosonic string theory in 26 spacetime dimensions and five supersymmetric
string theories in 10 spacetime dimensions, labeled by type - I, IIA, IIB, and HO, HE. Their
low energy effective actions are reminiscent of the Einstein-Hilbert action, with additional
field content. These are so called supergravity (SUGRA) theories, i.e supersymmetric theories
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of gravity, we elaborate on this in section Finally, although probably obvious, string
theory abides quantum mechanics by construction, thus string theory is a candidate theory
for quantum gravity, with luck it could be the theory.

To get a better understanding of black hole physics, it is clear that we need to tackle
quantum gravity. In this thesis we choose the beautiful, yet not fully understood framework
of string theory. Although conceptually a challenge, string theory brings us closer to a
resolution of the information paradox [22]. In particular the high degree of supersymmetry
that supergravity theories support, allows for partly supersymmetric objects, p-branes, whose
supersymmetry aids in identifying the precise solution in the supergravity theory. Such p-
branes (in particular charged p-branes with their Dp-brane counterparts), upon dimensional
reduction and compactification, comprise the ingredients of many lower dimensional black
holes [43]. In general, procedural steps such as ’lifts’, 'reductions’ and ’boosts’, as well as
the general T', S and compacted U-duality, allow us to construct and relate such solutions
with ease [43].

In some respect we are testing the applicability of string theory. If string theory should fail
to reproduce the Bekenstein-Hawking entropy, we would have to tone down our enthusiasm
for string theory. As we will see in what follows, the news is for the better, and string theory
somewhat miraculously reproduces the semi-classical results for a special class of extremal
solutions, identified with so called BPS states in the supersymmetric theory. These are
solitons of the low energy effective action of type ITA/IIB string theory that preserve some
fraction of the background supersymmetry. They are characterized by the fact that they
saturate a lower mass bound that is believed to be untouched by renormalization, which
in turn allows for an exact extrapolation between weak and strong string coupling gs. The
upshot being that stringy degrees of freedom are identified as the microscopic states that
constitute the entropy of extremal black holes. These successes are exemplified in holographic
dualities, of which we most notably point out the AdS/CFT correspondence. The AdS/CFT
correspondence is a remarkable cornerstone of modern theoretical physics. It has far reaching
applications, not just for black hole physics, but has proven to be an invaluable tool when
dealing with conformal field theories at strong coupling, however, we will not have space in
this thesis to give it a worthy presentation.

It is the goal of this thesis to extend the search for a string theory description of black hole
entropy to more general non-extremal black holes. We are still a far way away from finding
out exactly how string theory realizes the entropy for non-extremal black holes. However, we
are seeing evidence for an underlying ’hidden’ conformal symmetry that derives the entropy,
which is a significant step forward. In this thesis the focus is on aspects of revealing hidden
conformal symmetry for certain non-extremal black holes, with focus on the recent work by
Cveti¢, Larsen and Gibbons [16} 19, 20] and also the closely related work by Baggio et al.
[2].

1.5 Outline of the Thesis

Before getting to the core of hidden conformal symmetry and subtracted geometry, we cover
the necessary background: chapters 2 - 4. Of main interest to the core topic of this thesis
is chapter 3, which covers an important example of microscopic entropy “counting”, but also
the more general means of deriving an entropy without counting, i.e by indirectly identifying
the central charges of the relevant conformal field theory and applying the Cardy formula.
In chapter 5 we briefly address the notion of hidden conformal symmetries, but mainly
our focus is on subtracted geometry. We will derive important results from the previous
work done by Cveti¢ and Larsen, setting the stage for the subtracted geometries considered.
Specifically we consider subtracted geometries for the four-dimensional four-charged black
holes that are solutions to the minimal supergravity theory, the STU-model [13]. The focus
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is thereafter on warp factors A ~ r2 for large r. We also study the effect of the near-horizon
extremal Kerr limit on the warp factors, and find a possible Axggk that coincides with the
NHEK limit on Ag. Furthermore we study the extent to which subtracted geometries A ~ 72
for large r are asymptotically conical.

In chapter 6 we identify matter in the static case. We start by studying the Einstein
equations, and find that for special warp factors Ay (A_ = .Afed), the equations of motion
simplify greatly. We furthermore find matter for a large class of warp factors by identifying
overlap between subtracted geometries and the members of the four-parameter family studied
in [2].

In chapter 7 we reproduce several of the calculations in [2]. In particular we study the
uplift and dimensional reduction, that allow for the identification of a dual CFT description,
where irrelevant deformations are found to be the dual operators that start the flow in the
four parameter family from subtracted to original geometry. We also extend part of the
analysis to the case A ~ 72,

In chapter 8 we review the use of scaling limits to obtain supporting matter for rotating
subtracted geometries. Notably we manage to find supporting matter in the rotating case
for A_ = A2, via a scaling limit akin to the one considered in [16]. We also address the
trouble with a scaling limit for ANgEK-

In chapter 9 we conclude, and give an outlook. We have set aside a discussion of di-
mensional reduction for appendix A. Further appendices deal with the STU model and
conventions.
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2
— Black Holes in String Theory ———

We briefly mention some relevant aspects of string theory, and continue with a quick deriva-
tion of the bosonic sector of the low-energy effective action of type superstring theories. In
these theories supersymmetry is a key ingredient, and states invariant under part of the su-
persymmetry transformations, so called BPS states will be discussed, along with a derivation
of the BPS bound. We then introduce the solitons and use an embedding of a 5-dimensional
Reissner Nordstrom in a supersymmetric background as an example. We finalize with the
correspondence principle that matches supergravity solitons with the Dp-branes from per-
turbative string theory.

2.1 The Low-Energy Effective Action of String Theory

We will merely familiarize ourselves with the low-energy effective actions that arise in string
theory. To this end references [50, 57] were very useful. Our focus is on type IIA and
IIB string theories as they possess the maximum degree of supersymmetry, and contain a
massless spin 2 particle, i.e the graviton.

Type ITA and IIB are set in a D = 10 dimensional background. They solely contain
closed strings, this periodic nature of the string imposes a strict condition on the world-sheet
bosons X*, where u =0,---, D — 1, that is they have to be periodic. On the other hand, the
world-sheet fermions W# only need to be periodic up to a sign. When ¥ comes back to itself
without a change in sign we have the so called Ramond (R) periodicity condition, and if ¥
comes back to —W¥ going once around the string, we have the so called Neveu-Schwarz (NS)
anti-periodic condition. Enforcing either R or NS boundary conditions on either the left
movers or the right movers, we get the four sectors of superstring theory; R-R, R-NS, NS-R,
NS-NS. The R-NS and NS-R sectors support spacetime fermionic degrees of freedom, while
the R-R and NS-NS sectors are bosonic. It is the latter two sectors that we are interested
in, since we will in general consider a background free of fermions.

The low-energy effective description should only involve massless modes, a reasonable
assumption as the excitations are separated by mass gaps ~ 1/, where /4 < 1 is the string
length. The massless field content of the NS-NS sector involves the graviton G, the Kalb-
Ramond two-form gauge field B,,, and the scalar dilaton ®. The massless field content of
the R-R sector is slightly different for ITA and IIB. In both the massless degrees of freedom
are packaged into g-form gauge fields C;. Where g takes on the values 1 and 3 in ITA, while
it has values 0,2 and 4 in type IIB.

The low-energy effective actions of type IIA/IIB string theory are actions of IIA/IIB
SUGRA which can be thought of as generalized versions of the Einstein-Hilbert action.
They produce the equations of motion of the low-energy background which other strings
probe (feel), i.e, the emergent 10-dimensional spacetime.

For the free relativistic bosonic quantum string one has the Polyakov action, which is
also the form the superstring action takes if one only considers the bosonic fields X*:

Spol = Iz

/d02 V=g gaﬂ O0a X" 08 X" Nuw, (2.1)

where 1), is the flat target-space metric and g,g is the world-sheet metric. This action
reduces to the intuitive Nambu-Goto action via the equations of motion for the world-sheet

13
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metric. It is important to understand that the World—sheetﬂ metric is an unphysical parameter
that is simply added for convenience. The reason one considers this action, is that it is readily
quantized as opposed to the Nambu-Goto action. The action is also invariant under local
rescaling of the world-sheet metric

Gap — () gap- (2.2)

We refer to this as Weyl invariance. The key observation is that Weyl invariance together
with general reparameterization invariance amounts to conformal invariance. This allows us
to fix the world-sheet metric (by a choice of gauge) which is reassuring since the world-sheet
metric is unphysical. Let us emphasize that in order for the world-sheet metric to appear
as an unphysical (gaugeable freedom) we require conformal invariance. We will use this
required conformal invariance to impose constraints on the low-energy modes in the form of
differential equations for which one identifies a corresponding action, namely the low-energy
effective action.

For the general interacting string action, one would have to add all kinds of terms asso-
ciated with the possible interactions. A way to approach the low-energy effective action, is
to argue that in this regime, one only has massless modes G, (X), By, (x) and ®(X) (other
massless fermionic modes enter for the superstring), ignoring all higher (massive) string ex-
citations. Consequently, there are only three interaction terms in the action that play a role;
the ones coupling to each of the massless modes. By means which we will not dwell upon, one
calculates the vertex operators associated with the three fields and arrives at the following
action, where we see that quite naturally the field G, (X) resulting from the graviton mode
replaces the Minkowski metric. The low-energy effective action of such an interacting string
is thus the string probe action

Sprobe = ﬁ / do®\/—g (gaﬁ 0o X105 X" G (X) +i€P0, X 5 XY By (X) + £§¢(X)R<2>)
+ (fermionic part). (2.3)

Here R is specifically the Ricci scalar associated with the world-sheet metric.

The dilaton term E?@(az)R@) is not explicitly Weyl invariant, and hence spoils the explicit
Weyl invariance of the action. As we emphasized earlier, Weyl invariance together with
general reparameterization invariance gives us the freedom to fix the world-sheet metric.
Without it the world-sheet metric would appear as a physical dynamical quantity in the
action. We therefore require Weyl invariance by fixing the behavior of the background fields
G (X), B, (X) and ®(X) order by order in ¢2, the sigma model loop expansion parameter.
This ensures that the physics does not care about the world-sheet metric.

In order to restore Weyl invariance at O(f2), the background fields must solve three
coupled differential equations. This requirement stems from the corresponding requirement
(T'*y) =0, and the fact that

1 i
(T%) = —@ﬁuy(a)aaX“aaX” - @/BMV(B)EQ'BE?QX“(‘)BX” — 18(®)R®. (2.4)

In general this implies that each of the beta functions must vanish independently yielding
three sets of coupled differential equations, as can be seen from the one-loop expressions of
the beta functions displayed in [50]. An action whose equations of motion coincide with this
set, of differential equations is the action governing the low-energy physics of the background.
The action turns out to be

1 1
SS == 271%(2) / leXV —Ge_Qq) (R - EHMV/\HMV)\ + 48;L¢8M¢>7 (25)

"When referring to the world-sheet we mean the surface swept out by the string as it propagates in its
target spacetime.
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where R is the Ricci scalar associated with G, and H = dB. From [R] = —2 we must
have for dimensional reasons kg ~ £5. This action Sg is part of the bosonic sector of ITA /IIB
SUGRA. We will come back to the complete ITA /IIB SUGRA actions when we discuss p-
branes.

The effective action Sg is reminiscent of the Einstein-Hilbert action, however it is not
quite the same, the term e 2% spoils it. We are free to absorb this term without changing
the physics, by simply making a field redefinition. We refer to the action in its present form
Ss as the string frame action, and G, as the string metric. While we refer to

Gy =Gue P2 =0 -0 &= (D) (2.6)

as the Einstein metric. The corresponding Ricci scalar is

R=et®/D-2p 4 (terms proportional to ®). (2.7)

Where D is the dimension of spacetime. With these field redefinitions and D = 10, the
action reads

_ 1 10 [ 1 —& TN 1 F AL F
SEzﬂgez%/d X\Q(R_lze Hyn A = 20,5018 ). (2.8)

In string theory, e®0 is recognized as the string coupling g,. Comparing with the Einstein-
Hilbert action we therefore find
Gn ~ gsD_Zgg’ (29)

where we put a subscript N just to emphasize that it is Newton’s constant and not the de-
terminant of some metric. It is convenient to enhance it to an identification by the definition

167G\” = 262, = (27)7 625, (2.10)

In the next section we go into more detail with regard to supersymmetry and the related
BPS bound.

2.2 Supersymmetry and the BPS Bound

Since the BPS condition, and BPS states are of such great use in establishing a match
between quantum states and the effective gravity at strong coupling, it is almost cheating
not to look into the physics that supports this bound.

The 'magic’ of supergravity lies in the supersymmetry (SUSY). We will look at one of
the central consequences of extended supersymmetry, i.e the BPS bound. We will start off
with a brief introduction to supersymmetry, and work our way toward the BPS bound by
considering N = 2 SUSY in D = 4 spacetime. Our discussion bases for the most part on
[53, 59].

For a time it was believed that one could not extend the external continuous symmetries of
spacetime beyond the Poincaré group, at least not without jeopardizing the axioms dictating
properties that a reasonable theory should have, such as locality, positivity of energy, etc.
Under these assumptions (locality, positivity ...), Coleman and Mandula showed that it was
not possible to extend the group. Among many of their reasonable assumptions, one was that
the algebra consisted solely of commutators. This was reasonable as generators of continuous
symmetries usually satisfy a Lie algebra (involving only commutators).

Supersymmetry extends the set of known symmetries by supposing the existence of su-
persymmetry charges. They are packaged into spinors that appear in anti-commutators in
the extended super-algebra, i.e the symmetry Lie algebra is extended to a graded Lie algebra.



16 Conformal Symmetry for Black Holes

In this sense the above no-go theorem is avoided as it assumes only commutators while now
we are considering anti-commutators as well.

Super-Poincaré is achieved by extending the Poincaré group by adding to the set of
commutators, a set of anti-commutators between spinors. Haag, Lopuszanski and Sohnius
narrowed down the possible spin of the spinors to spin-%. As an important example, the
super-Poincaré algebra in four dimensions is achieved by the addition of Majorana spinors

Q
Q= <gg> , (2.11)

where @, is a left handed Weyl spinor, and Q% a right handed Weyl spinor. Depending on the
number of spinors (supersymmetry charges) we add, we have either regular supersymmetry
where N = 1 spinor is added, or we have extended N > 1 supersymmetry.

Consider extended supersymmetry in D = 4 spacetime, i.e we extend the Poincaré group

by adding

Q[

Ql=(**), I=1,---,N. (2.12)
Qal

The graded lie algebra that one obtains is comprised of the usual commutator relations of the

Poincaré algebra and the following additional commutators and anti-commutators between
Poincaré generators and the spinors Q.

[PmQé] =0, [ gnM/w] = (Uul/)aﬁQéy
[P/u Qé] =0, [_éa M/u/] = _Qé(a-w/)ﬁd»

{ng Qas}t = QUZaPu‘SI’
{Qe- Q) = eapz", (2.14)
{Qal, Q;’,J} = —EQBZ?J-
Here M, are the Lorentz generators, and P, are the generators of spacetime translations.
The indices o and ( are spinor indices, while y and v are spacetime indices. We denote the
completely antisymmetric symbol €,5, and Z 17 is an antisymmetric complex N x N matrix.

The first two commutators on the left in (2.13) are not actually that straight forward.
On the LHS, one gets an object belonging to

(3) 2 (30)= (03) 2 (1) (219

The RHS clearly needs to transform accordingly, but generators transforming in (1, %) under
the Lorentz group would posses spin % as well as % We only allow for spinors with spin %,
and for consistency the RHSs must vanish as shown by Haag et al.

The two commutators on the right in follow from the fact that the Q’s are spinors,
and 0, and 7, generate Lorentz transformations for respectively the left handed and right
handed Weyl spinors that are carried in the Majorana spinors Q.

The first of the last three clearly transforms as (3,0)® (0, 3) = (3, 3), that is, as a vector.
The RHS must therefore transform as a vector, and the only generator in the algebra that
transforms as a vector is P,. To contract away the spacetime index and get an expression
with two lower spinor indices, the four-vector of Pauli matrices UZ@ is introduced. The €
symbol and the matrix Z are introduced to ensure that both sides of the equality have the
same symmetry with respect to interchanging indices. Since the Z!/ commute with all other
generators in the algebra (to ensure closure and consistency), they only appear on the RHS
and are therefore called central charges of the algebra.

Although we are currently only considering the four-dimensional case, the following cal-

culation generalizes to higher dimensions. We will now show that for the present case, and

(2.13)
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focusing explicitly on N = 2 supersymmetry, we will get a lower bound on the mass M, the
so called Bogomolnyi bound. It is an inequality between the mass and the central charges.
In the present case we will only have a single complex central charge Z, since Z!7 is anti-
symmetric, and in the case N = 2 it is specified by the number Z1? = 221 Z e C.

Boosting to the rest frame P* = M¢}) and choosing a ba&* Where Z' is replaced with
a real antisymmetric matrix Z7, the anti-commutators read

{ng Qﬁj} = 2023M6§7
{Qh, QF} = 2eape’ Z, (2.16)
{Qar, Qp,} = —2e,p¢10Z,

where Z = Z'2. This set of commutators is readily diagonalized by introducing suitable
creation and annihilation operators

G0 = 3(Qa +€pQ35""),  ba = 5(Qa — cap@3o™), (2.17)
al = 2(QL +¢5:5°7Q%), bl = 1(Q) —€;,5"7Q2). '
The anti-commutators read
{aa, T} =00 ,(M + 2),
{ba,bg} = 0%4(M - 2), (2.18)
{aa,bg} =---=0.
Here a =1, A and GHoB — (0deBY ot 9 To ensure a unitary representation such that one
obtams only p031tlve norm states, the followmg inequality must be satisfied
M >|Z|. (2.19)

This inequality is referred to as the Bogomolnyl bound. It is clear that if M < ]Z |, the RHS
of one of the anti-commutators in will be negative. From now on we take Z = |Z]
without loss of generality.

One can show that Q! and Qg lower the spin of a massive state by a half, while Q] and

Q{ raise the spin by a half. It follows that as, a]iL, B2 and 5; raise the spin by a half, while
the others lower it by a half.

When M > \Z | we then have four creation operators, two that raise the spin and two
that lower the spin by a half, respectively ozlir, BQT and oz];, ,BiT. Acting on a state with spin 0,
one can then construct a massive vector multiplet with 8 fermionic and 8 bosonic degrees of
freedom.

On the other hand, massive states with mass

= |2, (2.20)

will only have two creation operators, as the bl’s create zero-norm states. In total there will
only be 2 fermionic and 2 bosonic degrees of freedom. In this case we say that the states
saturate the Bogomolnyi bound, or that they are BPS stateﬂ In general BPS multiplets
have 2V states, while a general massive multiplet has 22V states.

The above reasoning can be generalized to higher dimensions, in particular to the cases
that we are interested in, namely the settings of type II string theories, the a-chiral IIA

2We are free to change the basis in this way, simply because these are central charges and commute with
the rest of the generators.

3This term stems from a similar bound, the Bogomolnyi-Prasad-Sommerfeld bound encountered in the
study of monopoles in supersymmetric gauge theories.
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and the chiral IIB. These posses N = 2 supersymmetry, which is the maximum allowed
supersymmetry in 10 dimensions, due to the constraint limit of a maximum number of 32 real
superchargesﬂ From now on when we say supercharges we mean strictly real supercharges.

It is not at all obvious that N = 2 SUSY in 10 dimensions has a minimum of 32 su-
percharges. Naively one might think it has 2 x 64 supercharges, since a Dirac spinor in D
dimensions will have 2P/2 complex component i.e 64 real components. This number can
however be lowered. It turns out that for even D we can have Majorana spinors, that is,
Dirac spinors satisfying the Majorana condition ¥ = ¥¢ = CU” | thus halving the number of
components. This brings the number of supercharges down to 2x 32 which is still greater than
32. However, for D = 10 it turns out that in addition to the Majorana condition, one can si-
multaneously project out half of the charges using I'11, the product of all the 10-dimensional
Dirac gamma matrices, that satisfy {I',,I',} = 27, - 1. The spinors transforming in this
chiral representation and simultaneously satisfying the Majorana condition are referred to as
chiral-Majorana spinors. We see now how two chiral-Majorana spinors contain 2 x 8 complex
components in total, giving rise to 2 x 2 x 8 = 32 supercharges. Indeed type ITA and IIB
SUSY have two such chiral-Majorana spinors (also called Majorana-Weyl spinors) each with
8 complex components [47]. Similarly, quite remarkably, beyond 11 dimensions one cannot
have supersymmetry with 32 supercharges or less. Indeed N =1 SUSY in 11 dimensions is
the maximum number of dimensions with a minimum of 32 supercharges.

The reason for the upper limit of 32 supercharges goes hand in hand with the upper limit
on the helicity of the allowed field content of the theory. Roughly speaking, we do not know
of any interacting field theories with a finite number of fields with helicity greater than 2. It is
easy to see why we cannot have more than 32 supercharges in the case of four dimensions. In
this case the N = 8 SUSY generators raise or lower the helicity (spin in the massive case) by
a 1/2, thus we have four raising operators and four lowering operators. Acting with a raising
operator four times on a state of helicity zero gives a state with helicity 2, and likewise,
lowering four times gives a state of helicity —2. Clearly we can not have more than a total
of 8 SUSY generators in four dimensions, i.e 32 supercharges as this would necessarily imply
states of helicity greater than 2. I turns out to be the general case for higher dimensional
SUSY as well, that 32 supercharges is the upper limit if we wish to restrict our field content
to states with at most helicity 2 [47].

We will go ahead and simply write down the important results, which can be found
in [51]. The ITA supersymmetry algebra has a single non-chiral Majorana spinor worth of
supersymmetry charges. That is, it is a combination of a left-handed and a right-handed
chiral-Majorana spinor, denoted (1,1) SUSY. The anti-commutators read

{Qa, Qs} = (CTM) 5 Prs + (CT11)0pZ + TMT11C)0p Zas + TMNC) 0 Zun
+ (TMNPRT1C) 0pZarnpg + (TMNPORC) s Zainpor, (2.21)

where I' are 10-dimensional gamma matrices, and ones with several indices are antisym-
metrized products thereof. Furthermore C is the charge conjugation matrix for 10-dimensional
Majorana spinors, and the Z’s are the different p-form central charges which are carried by
BPS stateﬂ For type IIB, the supercharges, are packaged into two chiral-Majorana spinors
Q! of the same chirality. We may take these to be left-handed and denote this (2,0) SUSY.

4We do not know of any consistent interacting field theories with a finite number of fields with helicity
> 2.

SWhen D is odd it will be 2(P~1/2 complex components.

6As elaborated on in detail in [35], the different p-form charges Z, Z1 are interpreted as charges carried

by p-branes. In particular

lZ ipeeeip

1 / ~
p! ! P Qﬁ+1 S+l ’

where the p-brane is aligned in the directions given by the spatial p-form v.
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The anti-commutators read

{Qh, Q%Y = 89(PTMC)apPrs + (PTMC)apZyy + €9 (PTMNPC) 0 Zasn p
+ 0 (PTMNPRRC) (2 ) v por + (PTMNPRRC) o0 (Z) iy por, (2:22)

where P = %(1 + I'11) is the chiral projector. In both 1' and the maximum
number of supercharges on the LHS is 528 which is broken down into the direct sums of
charges on the right hand side, respectively as follows 528 = 10 1 @ 10 & 45 ® 210 & 252,
and 528 =10® 2 x 10 G 120 ® 126 & 2 x 126.

One can again boost to a frame PV = M§) as we did to get . When the dust
settles one again finds that it is necessary to demand

M > |Z| (2.23)

in order to avoid negative-norm states. As we mentioned in the example of N =2 SUSY in
four dimensions M = |Z| gives us short BPS multiplets. Since the relation M = |Z] is at
the level of the supersymmetry algebra it is believed to be protected from renormalization
(assuming unbroken supersymmetry) despite the fact that both |Z| and M are in general
renormalized. This is reasonable as one does not expect the degrees of freedom to somehow
jump from e.g 4 to 16 at a certain value of g, [6]. This allows for the extrapolation between a
microscopic description in the low string coupling g; < 1 regime to a macroscopic description
of black holes in a regime where g5 > 1. As we shall see in chapter 4 this remains one of the
most successful arguments for an entropy matching for certain black holes in the context of
string theory.

In the next section we will introduce p-brane solitons as solutions of SUGRA, these
serve as useful building blocks from which one may construct various black holes in lower
dimensions by wrapping the branes around compact dimensions [43]. Thanks to the BPS
condition (saturation) and the fact that it is protected from renormalization, we can then
extrapolate between the strongly coupled SUGRA regime to the weakly coupled string per-
turbation theory regime. As we will motivate briefly in section the SUGRA p-branes
may be identified with a collection of Dp-branes at weak coupling, suggesting the under-
lying microscopic degrees of freedom. What is going to be really astonishing is that this
gs < 1 microscopic description in terms of Dp-branes produces an entropy matching the one
prescribed by Bekenstein and Hawking.

2.3 Solitons in Supergravity

In the literature and as reviewed in [6, 58], solutions to the equations of motion that are
regular, stable and have finite energy are referred to as solitons or being solitoniﬂ. Of
particular interest are the supersymmetric solitons which as implied by the invariance under
part of the supersymmetry are BPS. Certain extremal black holes fall into this category, i.e
they are supersymmetric solitons of the SUGRA action, and the central charges in the BPS
bound are identified with the charges of the black hole.

2.3.1 Reissner-Nordstrom as a SUGRA Soliton

It is instructive to consider the embedding of a familiar black hole solution into a supersym-
metric background. In particular, consider the unique solution to D = 4 Einstein-Maxwell
theory, the Reissner-Nordstrom solution. We embed this solution into N = 2 supergravity,
to this end it is necessary to add two gravitini to fill the supergravity multiplet. Indeed the

"Strictly speaking, by soliton, one is referring to the subset of non-singular solutions, and one calls the
singular ones elementary. In this thesis we will use soliton to refer to both regular and singular solutions.
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SUGRA multiplet contains degrees of freedom corresponding to a graviton (helicity £2), a
gauge boson (helicity +1) and two gravitini (helicity +3/2), thus the Reissner-Nordstrom
solution is only missing out on the gravitini. What we would like to show is that in order
for the Reissner-Nordstrom solution to be a supersymmetric soliton of the SUGRA action,
it has to be extremal [41].

The well known Reissner-Nordstrom metric with mass parameter M and charge param-
eter () reads

oM Q? oM Q2\!
2 2 2, 2102
=—(1-—4+ = 1— Q- 2.24
dsRN < r + 7’2 ) dt + < , + ’[”2 dr +7r d ( )
The outer and inner horizons are respectively

re =M+ M?—- Q2 (2.25)

We require M > |@Q] to avoid a naked singularity, and notice that for M = |Q|, r4 =r_, i.e
the horizon is degenerate, and hence the surface gravity x = 0. In other words one gets the
extremal Reissner-Nordstrom solution for M = |@Q)|. In isotropic coordinates (r — p = r—M)
the metric reads

M\ 2 M2
dspry = — (1 + p) dat* + <1 + p) (dp* + p*dQ?). (2.26)

We will see that (2.26)) is the only metric in the (D = 4) Reissner-Nordstrom family of
solutions that preserves supersymmetry. We do this in a roundabout way, starting with a
general symmetric ansatz for the metric

ds? = A qt? 4 2B gz, r=/djzria, (2.27)

and an electric type ansatz for the gauge field
Ag=eM —1 — Fy=8;C(r)e’™. (2.28)

One could now calculate the curvature scalars, and solve Einstein-Maxwell equations of
motion, and arrive at the Reissner-Nordstrom solution. However, we would like to impose
supersymmetry invariance prior to solving the equations of motion, which simplifies the
calculation greatly, and goes to show how supersymmetry invariance, i.e BPS saturation, is
related to extremal Reissner-Nordstrom.

In order to preserve half of the supersymmetry, half of the super-transformations must
act trivially on the field content of the solution. In our case, and as is usual, the background
is free of fermions, and therefore all super-variations of the bosons are trivially zero for all
super-transformations. The only variations we have to check explicitly are the variations of
the gravitini [41]

Sethpa = Vyea — 1F 7"y yueape® =0, (2.29)

where
Fr =3Fu+ixFu), Fi=Ffeie, (2.30)
and A, B = 1,2 are spinor indices, where the position of the index denotes the chirality
v5ed = €, y5e4 = —ea. In order to satisfy this equation, i.e preserve half the SUSY, it turns

out that the three functions A, B and C are all determined by a single harmonic function
H. This is precisely, and only then realized by the single centered, that is, the extremal
Reissner-Nordstrom solution, i.e

A =14 M/r, (2.31)
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or the multi-centered solution, which is really just several copies of the extremal Reissner-
Nordstrom solution positioned arbitrarily in spacetime

A = 3 (1 ¥ ‘x_Mx,) | (2.32)

i

The multi-centered solution is only possible due to the force balance; gravitational attraction
balances electro-magnetic repulsion, due to the BPS saturation. These black holes will
therefore not interact with each other, and hence the multi-centered solution is static and
stable!

2.3.2 More General p-brane Solitons

We are now warmed up, and ready to tackle more general p-brane solitons of N = 2
supergravity, i.e SUGRA. The steps involved are more or less proceeding in the same spirit
as the example of the Reissner-Nordstrom black hole. The major difference is that calcula-
tions get more tedious as the field content of the action is more involved. Just like we looked
upon the Reissner-Nordstrém black hole as a point particle or O-brane, coupling electrically
to the gauge field via F' = dA, we now consider generalizations thereof, namely higher di-
mensional extended fundamental objects, branes, and more generally p-branes that couple
to (p + 1)-forms.

In general p-branes are charged by coupling to (p + 1)-form gauge fields C, 1. It is
really simply a matter of extending the familiar notion of a charged point particle (0-brane),
which we know couples to a one-form gauge field A(;). The equations of motion for such a
charge point particle are derived from the action

Spp = —m/ \/nlWXMXVdT—kq/ dTAHX“
¥ ¥

(2.33)
= —m/ ds+q/ A,
v ¥
where IX
X =" 2.34
dr ( )

and, m and q are respectively the mass and charge of the point particle, and in this last line
it is understood that the integrands such as A are pulled back onto the world-line . This is
the probe action for the O-brane.

Conceptually, the generalization to a p-branes is rather straight forward, however whereas
the action of a point particle is simply the proper length, for a higher dimensional object it is a
little less straight forward, indeed for a one-brane (string) it is the proper area (Nambu-Goto
action). For Dp-branes we not only have world volume bosons (embedding coordinates), but
also a U(1) gauge field. As explained in [50], studying the beta function and using the same
kind of argument as was used for the low-energy effective SUGRA action, one arrives at the
action for a p-brane probing a closed string background (G, By, ®), which reads

SDp—probe = SppI + Qp/ C(erl)a (235)
Vot1

where

Sppr = —1T,, / deP e/~ det (Yap + 270" Fop + Bap)- (2.36)

Extra terms can be added to describe interactions between several p-branes. The terms in
(2.36) respectively correspond to fluctuations of the brane, the U(1) gauge field, and coupling
with open strings that are charged under the Kalb-Ramond field.
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It is Sp probe that acts as a source for the R-R gauge field C(;,11) in the SUGRA action

1 _
Si = 52 / AP XV -Ge?? (R +4(d®)? — LH? - MFéH)). (2.37)

We consider general p-branes as they naturally couple to the field strengths Fi,,,2) = dC, 1)
already present in the massless spectrum of superstring theory. Of course, even more appar-
ent, we have the fundamental string itself, that couples electrically to the Kalb-Ramond two
form gauge field B, which follows from the term H = dB present in the SUGRA action. We
call it fundamental to distinguish it from the R-R string that is electrically charged under
C(2)- We should point out that when in IIB the self dual five-form R-R field strength is
present, one has to supplement the action (at the level of the equations of motion)
with a self duality constraint.

What about magnetic charges, indeed there are magnetic p-branes that are magnetically
charged with respect to dual field strengths «F = dC. However, we will not dwell on the
details thereof, we will only mention that as an important example, the dual object to the
fundamental string is the magnetic NS-NS 5-brane to distinguish it from the R-R 5-brane
[6].

Let us construct some p-brane solitons, i.e generalize the technique used to find the
solution for the O-brane, the Reissner-Nordstrém black hole. In general one starts with a
p-brane ansatz that reads

ds? = A dz2 4 2B g, (2.38)

where Z denote the longitudinal coordinates, i.e the coordinates along the brane: ¥ =
20y, = 0,...,p, and the remaining D — p — 1 coordinates, the transverse coordinates
are denoted by ¥, and r = \/g? . We imply furthermore that the world volume metric di?
be Poincaré invariant and the transverse metric be SO(D — p — 1) invariant, i.e

This finalizes the ansatz for the metric, furthermore we have the ansatz for the dilaton
¢ = ¢(r) and the R-R gauge field (electric) ansatz with the only non-zero component Cy;.., =
eC("). For a magnetic ansatz it is more convenient to deal with the field strength Fipyo)
which should be proportional to the volume form of SP*2, i.e the magnetic ansatz involves
no unspecified function. We proceed with the electric ansatz following reference [6].

As we pointed out for the O-brane, the Reissner-Nordstrém black hole, we could proceed
to compute the Christoffel symbols and solve the equations of motion directly, however, we
consider solutions that are invariant under a fraction of the supersymmetry transformations,
and it turns out to be much more economical to satisfy this condition first. In short, one finds
that the four arbitrary functions A, B, C and ¢ all reduce to one function via the requirement
of supersymmetry. We will not dive into the details, but merely note that the procedure is
similar albeit more complex than our previous discussion concerning the Reissner-Nordstréom
black hole. At the end of the day, the p-brane solutions are specified by the single function
H,(r), which needs to be harmonic

(2.40)

where Cy = lim,_,o, C(r) and the possibility of Cy # 0 allows for non-trivial vev ¢¢ of the
dilaton. In general for the solution to be asymptotically Minkowskian, one has for D = 10
in the Einstein frame

1
A=l ¢, B= -pts

16 (C—Co)y,  =do+22 (c Co).  (2.41)
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An important example is the R-R three-brane, which has constant dilaton. It serves a
central role in a canonical example of the AdS/CFT correspondence, namely the type IIB
on AdSs x S%/(N = 4) SYM,. Specifically as evident from the harmonic function

Qs
Hy=1+4+ =2 2.42
3 + 7"4 ; ( )

that appears in the spacetime metric, it is evident that the limit Q3 — oo would result in a
non-asymptotically flat spacetime, an alternative interpretation of this limit is taking r — 0.
Indeed in this limit one gets precisely AdSs x S° [6]. As we will discuss in limited detail
in the next section, R-R charged p-branes have a microscopic description in terms of Dp-
branes arising in the perturbative sector of string theory. In this case the R-R three-brane
with charge ()3 is identified, in the above limit ()3 — 0o as @3 coincident D3-branes. The
world-volume theory of such a stack of D3-branes is found to coincide with the large IV limit
of U(N) N = 4 super-Yang-Mills theory in four dimensions. That is a four-dimensional
CFT with N' = 4 supersymmetry [6]. The relation between black holes, p-branes and the
conjectured gauge/gravity duality is nicely reviewed in [1].

2.4 Black Holes as Strings and Dp-branes

We have seen that p-branes are the generalized black object possible in higher dimensions,
we can think of them as extended black holes. It turns out that one can construct lower
dimensional black holes from p-branes in higher dimensions by wrapping the branes around
compact dimensions. Even more interesting black holes can be constructed by putting dif-
ferent branes together as described in [43]. We will not go into the details, but we will
eventually give a brief example in chapter 3. What we would like to address in this section
is the extent to which p-branes and indeed the low-energy-effective actions (SUGRA) are a
valid descriptions of black holes, and what might happen when we go away from the regime
of validity. We shall see that there is a non-trivial correspondence point.

Clearly the SUGRA action is only valid when the sigma-model loop-counting parameter
o = (% is small compared to a suitable measure of the spacetime curvature. For the d-
dimensional Schwarzschild black hole, an invariant measure of the curvature is (and evaluates
at the horizon to)

12 167G qM
R O_RMVPO' — d—3 = — ~ 2€d_2 (H . 243
Uy p — r%[v T (d _ Q)Qd72 Ists ( )

This suggests that as longs as {3 < rg we can trust the supergravity description. However,
when ry ~ (5 it gets murkier, one goes over to a regime where stringy effects matter [43].
The question is what kind of stringy degrees of freedom take over.

For the neutral black holes, the simplest neutral string theory object which only carries
mass is the fundamental string. Following [43], it is instructive to consider how the entropy
of a single fundamental string behaves near a supposed correspondence point where rg ~ #;.
From string perturbation theory it is well know that the degeneracy of states scales as e”/0,
where mg ~ 1/, is the Hagedorn temperature. One then finds (using that £2m? = N, where
N is the oscillator number) that the entropy associated with the fundamental string goes as

Sstring ~ log(em/m“) ~ mﬁs. (244)

This is a result from perturbation theory, hence only valid for gs ~ 0. We will currently work
under the assumption g5 ~ 0, the validity of which we will address in a moment.
The mass of the fundamental string should scales as the mass of the black hole at the
correspondence point, thus
d—3
"u



24 Conformal Symmetry for Black Holes

Now using this we find that the ratio of the entropies scales as

e T (2.46)

Sstring Es

This again suggests that when rg ~ £ there exists a correspondence between the funda-
mental string and the neutral black hole. Furthermore, noting that S ~ v/N and S ~ 1 /92,
we see that for large N, g; ~ 0, implying that our assumption of g5 ~ 0 is valid for large N.
Thus the correspondence principle is applicable for large N.

When it comes to black holes carrying R-R charges, i.e constructed out of R-R branes,
a similar correspondence is evident [34], this time involving also open strings ending on so
called Dp-branes.

Dp-branes were realized as p-dimensional hypersurfaces on which open strings with (D —
p) Dirichlet boundary conditions could end. The remaining p coordinates have Neumann
boundary conditions, i.e string endpoints are constrained to the p-dimensional world-volume
of the brane. In this sense, open strings with such boundary conditions allow for the inclusion
of so called Dp-branes in string perturbation theory.

We may ask whether Dp-branes are related to the classical R-R p-brane solutions of the
low-energy effective SUGRA actions. There is good reason to believe that Dp-branes in
perturbation theory describe the general brane object at low string coupling gs; ~ 0, while
R-R p-branes describe a collection of coincident Dp-branes at large coupling gs > 1 [34]. The
idea then is that R-R p-branes have charge @), proportional to the number of fundamental
Dp-branes that constitute them.

In general, the correspondence principle as elaborated in [34] suggests that we can identify
strings and Dp-branes as the microscopic constituents of black holes, and general black p-
branes. This principle along side with the important non-renormalization theorem for BPS
states allows for the exact extrapolation of results calculated in the low string coupling, i.e
Dp-brane picture, to the regime of high string coupling where the classical black p-branes are
the valid description. As we shall see in the following sections the counting of the degeneracy
of states for certain extremal BPS black holes agrees exactly with the Bekenstein-Hawking
entropy.



3
— Entropy Through the Looking Glass —

In the previous chapter we introduced supergravity as a low-energy effective string theory.
We also introduced several results such as the BPS condition which is protected by a non-
renormalization theorem. In this chapter we will finally discuss an example in which these
results can be applied to get an entropy from the perturbative string theory regime, that
matches with the classical Bekenstein-Hawking area law for the entropy . However,
of equal importance, and of central importance to this thesis, is the idea of attributing the
entropy to microscopic degrees of freedom associated with a dual CFT.

3.1 Entropy Prelude

The concept of entropy has been refined classically and quantum mechanically in statistical
physics, where it has been identified in the microcanonical ensemble to be the logarithm of
the number of accessible microstates (2

S = kgInQ, (3.1)

and in general, given a density matrix, a corresponding density operator p the above is
generalized to the Von Neumann entropy

S=—-Tr(plnp). (3.2)

If Sy really is the entropy we should associate with black holes, then for a complete under-
standing of the entropy, an understanding of the nature of the microstates comprising it is
needed.

We mainly focus our attention on string theory and its applications to black hole physics.
However, having mentioned the Von Neumann entropy formula it is appropriate to mention
“entanglement-entropy”, entropy attributed to correlations between states separated by a
domain wall, in the case of black holes the horizon. This entropy is very different from the
kind of entropy that one usually considers, i.e one related to the random fluctuations within
the bulk of a system due to a finite temperature, instead entanglement-entropy resides in
the correlations across the boundary (the domain wall) [23]. When introducing the Planck
length as a cut-off, the Von Neumann entropy associated with the correlations across the
horizon scales as the area of the horizon, however, crucially it does not seem to be able to
fix the constant of proportionality [56].

Although various approaches to microscopic derivations have managed to show that the
entropy scales as the area of the horizon like the above mentioned entanglement-entropy, but
also other approaches such as attributing the entropy to the thermal atmosphere just outside
the horizon, it seems that at present they are unable to fix the constant of proportionality
[56].

Without further delay, let us move on to the successful microscopic entropy-counting
facilitated by string theory for certain extremal (BPS) black holes. To understand the
derivation of entropy it is necessary to be aware of the preliminary result known as the
Cardy formula that gives the entropy at high-temperature for any unitary 2D conformal
field theory. Aspects of conformal field theories and specifically a derivation of the Cardy
formula is reserved for chapter

25
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3.2 Microscopic Counting for BPS Black Holes

We will now take a look at an example where the counting of Dp-brane states derives the
correct entropy (coinciding with the Bekenstein-Hawking area law). The general procedure
relies on the identification of Dp-brane constituents as the appropriate objects for describing
the black hole (wrapped p-branes) at strong coupling. Then by the non-renormalization
theorem that applies for BPS states, the degeneracy of the states in the D-brane worldvolume
theory should agree with the degeneracy at high string coupling.

The simplest, and first studied case, seems to be the five-dimensional three-charged black
hole constructed from D1, D3 and D5-branes. Such black holes were considered by Stro-
minger and Vafa in [49]. The charges are carried by p-branes (p = 1,3, 5), which are described
by Dp-branes at low string coupling.

In [49] Strominger and Vafa consider 10-dimensional type IIB string theory with 5 com-
pact dimensions over K3 x S'. In this theory one can construct black holes with both
axionic and electric charge respectively (Qp and Q) from Dp-branes p = 1,3,5 wrapping
the K3 x S1.

They restrict to extremal black holes whose microstates are BPS specifically preserving
a quarter of the N = 4 D-brane worldvolume supersymmetry. In this case one can make use
of the non-renormalization theorem (that BPS remains BPS) when extrapolating between a
regime of strong and weak string coupling. At low string coupling it is the D-brane description
that is valid, and it is in this regime that the counting of states is performed.

Then proceeding by the simplification where K3 is taken to be very small, the theory
is effectively described by the conformal field theory on the cylinder S* x R whose target-
space manifold is given by the symmetric product of K3 surfaces [49]. The number of
real dimensions of this manifold turn out to be 4(%@% + 1) thus dictating a central charge
¢ =6(3Q% + 1) for the effective conformal field theory [58].

To get the entropy it is then simply a matter of applying the Cardy formula

S =2, /%, (3.3)

where 7 is the lowest level Ly (the left-movers do not contribute). In the case under consid-
eration n = Q. For the Cardy formula to be applicable we need to have Qi much larger
than Qp. Inserting the expressions for n and ¢ one finds that the statistical entropy reads

S =2m\/Qu(3Q% +1). (3.4)

For large QQr this matches with the entropy prescribed by the Bekenstein-Hawking formula
(1.15)) which for the black hole under consideration equates to

Spn = 2m\/ 3QuQ%. (3.5)

Although there is not precise agreement, the results are valid for large Qr and that is when
the Bekenstein-Hawking result is reliable [49]. In the literature this is considered the first
real example of a microscopic derivation of entropy [38].

Obviously we have left out most of the details which go beyond the scope of the thesis.
We mention it as an important example, illustrating the level at which string theory actually
succeeds at deriving the correct entropy. We should also note the more intuitive approaches
taken in a similar case described in detail in [9, 39, 55]. It is overall a slightly different
perspective, where the effective conformal field theory of the D1-D5 system (with Q5 D5-
branes wrapped around 7° and Q D-strings wrapped around one of the compact dimensions
belonging to T°) comprises a total of 4Q1Qs5 superconformal fields with only the massless
modes excited and carrying left moving momentum. This corresponds to 4Q1 @5 bosonic and
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4Q1 Q5 fermionic species with energy E = N/Ryg (ie. at level N). This dictates a central
charge ¢y, = % X 40Q1Qs and that we in the Cardy formula should substitute heg = N, giving

us the entropy
S = 27‘(’\/ Q1Q5N (36)

which coincides nicely with the Bekenstein-Hawking result [39]. In [40] they also sketch a
quick derivation of this five-dimensional example, and extend it to a four-dimensional black
hole.

Without going into the details, we merely note that for certain near-extremal black holes,
a similar counting of microscopic states gives the correct entropy. In particular employing
the dilute gas regime for the near-extremal black holes, effectively a decoupling limit, one
finds agreement with the area law for the entropy [43].

3.3 Entropy Without Counting

We shall now see that a derivation of microscopic entropy does not require knowledge of
the precise nature of the underlying microscopic degrees of freedom. This is perhaps not
that surprising: At the end of the day, the much utilized Cardy formula only requires that
the underlying microscopic degrees of freedom comprise a two-dimensional unitary confor-
mal field theory, and utilizes merely the effective central charges and conformal weights to
determine the asymptotic density of states. What is more surprising is the means by which
one can extract the effective central charge without knowledge of the UV completion, and
furthermore that the Cardy entropy coincides with (1.15)).

In the following we briefly discuss the work of Brown and Henneaux [8] and a more recent,
yet similar approach [27], that identifies the relevant central charges, without referring to
a specific UV completion such as string theory, but simply by analyzing the asymptotic
symmetry group of respectively AdSs and the near-horizon extremal Kerr (NHEK) geometry.

Brown and Henneaux have demonstrated that any consistent theory of quantum gravity
on AdSs is holographically dual to a two-dimensional conformal field theory [8]. Specifically,
they found that the algebra satisfied by the generators of the asymptotic symmetry group
could be identified with the Virasoro algebra with central charges ¢;, = cgp = %. More
recently this has been found to apply to any black hole whose near-horizon geometry is
locally AdSs up to global identifications [48]. As an instructive example, the BTZ black
hole which is locally AdSs, is dual to a two-dimensional conformal field theory with central
charges c;, = cg = %, where ¢ is the AdS3 curvature radius and G is the three-dimensional
Newton constant [8]. The conformal weights of the dual field theory are respectively ng,ng
and relate to the mass M and angular momentum J as described in [48] yielding the entropy
via Cardy’s formula
(UM + J) i (M — J),

2G 2G
which is found to be in complete agreement with the Bekenstein-Hawking area law.

As another interesting example, we can derive the statistical entropy for the five-dimensional
black hole considered in [49] (which we discussed previously had a microscopic interpretation
in terms of wound Dp-branes) by identifying the effective three-dimensional BTZ black hole
[48]. Again using that the central charge is the one given by Brown and Henneaux in [8],
we can apply Cardy’s formula and as noted in [48] one gets precise agreement with the area
law.

Lastly we point out that in the recent paper [27], the Kerr/CFT correspondence, the
authors more or less repeat the analysis done by Brown and Henneaux in [8], but now for
the near-horizon extremal Kerr (NHEK) geometry. They find that extremal Kerr is dual to
a chiral two-dimensional CFT with left central charge c¢;, = 12.J, and after identifying the

S=mn (3.7)
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correct CFT temperature, they find precise agreement between the entropy prescribed by
Cardy’s formula and the Bekenstein-Hawking area law.

Crucially all of these examples as noted in [27] require no knowledge of the ultraviolet
degrees of freedom that dictate the UV completion of the theory, in other words we do not
need to know about the underlying theory in detail. It is enough to assert the existence
of a conformal field theory, which we may then conjectured to be dual to the quantum
gravity theory in question. This is corroborated by the matching of the CFT entropy and
the semi-classical Bekenstein-Hawking area law.

Indeed as reviewed in [38] the entropy matching for the BTZ black hole, or black holes
with an effective BTZ description, is not surprising as the effective partition function for
the BTZ black holes matches with the partition function of a CFT, so called AdS3/CFTs
correspondence.

We see that even though we can only utilize the D-brane picture for extremal and some-
times near-extremal black holes, we can, as exemplified with the BTZ black hole, identify
a dual CFT whose central charge derives the correct entropy via Cardy’s formula. In this
sense, as far as this thesis is concerned, string theory is currently the most promising UV
completion of quantum gravity, however we do not need to worry about the UV completion
in order to derive the entropy for black holes, we simply need to identify an underlying
conformal symmetry, that would hint at a dual CFT description.

At this point in the thesis, we thus part with our idealistic extremal black holes, and
proceed to discuss more recent development in the realm of non-extremal black holes (i.e
more realistic black holes). It has become increasingly apparent that an entropy as prescribed
by the Cardy formula matches with Bekenstein Hawking entropy, given an appropriate dual
CF'T description of the degrees of freedom. Before going into the details of explicit examples
and the general outlines of this procedure, we would like to review CFTs, just like we
reviewed SUSY prior to the example displayed in the previous section. Unlike our discussion
of SUSY/BPS-bound we will devote an entire chapter to CFTs, simply because it is more
central to the focus of the thesis.



4
— Conformal Symmetry and CF'Ts ——

In many cases we are able to identify the black hole entropy with the entropy of a supposed
dual conformal field theory (CFT), this is to a large extent in the spirit of AdS/CFT. In this
chapter we discuss conformal symmetry and some of its implications for CFTs, in particular
for two-dimensional CFTs. It is important to note that to extract the entropy of a two-
dimensional CFT, we do not need to know the precise details of the CFT: In the appropriate
limit, the Cardy formula gives us the entropy as a function of the central charges and the
lowest weight. Indeed we shall take a close look at the derivation of the Cardy formula in the
last section, but we start off with general considerations of CF'Ts, for the most part drawing
from |7, 26, 50].

4.1 Symmetry Prelude

It seems only fair to take a moment to briefly address the notion of a symmetry in gen-
eral. Symmetries, as always, are enjoyed by systems that are invariant under the associated
transformation. For example, Minkowski space-time enjoys Poincaré symmetry, that is the
metric is invariant under Lorentz transformations and general space-time translations. A
theory that enjoys conformal symmetry is characterized by being invariant under coordinate
transformations that effectively result in a local rescaling of the metric. For instance the
world-sheet field theory living on the freely propagating relativistic string, is as seen by the
Polyakov action , invariant under a local Weyl rescaling of the world-sheet metric

G (0) = QL*(0) g (0). (4.1)

It is easy to see that the factors cancel

V(o) x 0 2(0) = 1, (4.2)

leaving the action invariant. Clearly the world-sheet field theory is a two-dimensional CF'T,
classically. A theory that enjoys a symmetry classically, may not successfully be quantized in
a manner that retains that symmetry at the quantum level. Simply put, conformal symmetry,
while plain and simple classically, may not even be supported in the quantized theory. In
fact, as an example the bosonic string only retains its classical symmetries at the quantum
level if the dimensionality of the target space (the background) is precisely 26. Similarly the
superstring requires D = 10.

4.2 Conformal Transformations

A uniquely specifying feature of general conformal transformations, are that they leave all
local angles between tangent vectors of intersecting curves, unaltered, i.e conformal transfor-
mations preserve angles locally. Which is quite transparent noting that the angle § between
two vectors u and v is given by

G uHv”

)
V9poUPUT GrnVFVT

cosf = (4.3)
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and after a rescaling g, — Q2(z)g,, the angle ¢’ is given by

QQ(x)gw,u“v”

\/(24(33) GpoUPUT Gy VRV

cost =

= cos 0, (4.4)

that is the two angles are the same, regardless of the rescaling function Q2(z)
0=20. (4.5)

To efficiently and abstractly deal with the physical implications of symmetry invariance we
find it tremendously useful to work with the concept of a symmetry group. The symmetry
group is in general a group in the strict mathematical sense, i.e closure, associativity, etc.,
and contains all the transformations that characterize the symmetry (i.e leave the system
invariant). When the symmetries are continuous, the generators form a Lie algebra. The
key to this abstraction, is that any transformation in the group can be constructed by
compounding the generators. It is crucial to keep in mind that the Lie algebra is only a local
statement. Indeed, only a finite-dimensional subset of the infinite-dimensional space of local
conformal transformations in two-dimensions are globally well defined.

It is instructive to derive the generators of conformal transformations and their Lie al-
gebra. All groups will have an identity, that acts trivially. We can derive the properties of
the generators in general, by considering deviations from the identity element to lowest oder.
To this end we begin by inspecting how the infinitesimal transformations act on a vector z*
specifying a point in the coordinate system. The vector is mapped to itself by the identity,
and gets a correction proportional to the infinitesimal parameter when acting on it with a
transformation deviating infinitesimally from the identity

at — Tt =2t + e(x). (4.6)

The above resulting infinitesimal change in x* is completely general. We have not speci-
fied the nature of the transformations yet. To find out the nature of the vectors e under
conformal transformations, we need to consider how the metric transforms under the same
general transformation induced by the infinitesimal €. To this end we proceed, noting that
in general the metric transforms as a (0,2) tensor, thus

y D Oxt Oz .
G (z)dxtdz” — gpp(T)dzHdz” = g’w(x)ﬁ&ip dztdz" . (4.7)
We have
TR TR T 835”_5# 9.t (7 48
=zt — () = 25— O0n net (Z), (4.8)

Note that to lowest order in € we have
e(x) = e(). (4.9)

We thus find that
97p(Z) = g () (O} — Opet'(2)) (65 — Dpe” () (4.10)

and keeping only the terms to leading order in e yields
G (T) = g () — Open () — Oy€u(x). (4.11)

Clearly, for the transformation to be a conformal transformation, the change in the metric
needs to be cast in the form of a local rescaling

guu(i') = QQ(x)g;w(x)' (4'12)
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This requirement imposes the condition 9,€,)  g,,, and the constant of proportionality is
fixed by simply requiring equality of the traces on both sides of the equation.

20,€" =20 - € = const x D (4.13)
where D is the dimensionality of the metric. Thus
Nty = 50 g = P=1-20-e (4.14)

When the metric is simply Minkowskian, this restricts the e(x) to be at most quadratic
in x as it can be shown to follow from the above relation for e(z) that for D > 2 the
third derivatives must vanish. One can then split up the different forms of ¢(z) into the
independent generators of

e(z) = a* (translations) (4.15)
et(z) = wt (rotations) (4.16)
et(x) = )\ (scaling) (4.17)
(z) = bHa? — 221 - x (special conf.) (4.18)
We just mention them here for completeness, while our main focus will be on the case D = 2,

which we address in the next section.

4.3 Conformal Algebra in Two Dimensions

We will from now on restrict ourselves to two dimensions, and flat space with Euclidean
signature, that is, we consider the case where

Juv = 5;11/7 v =1,2. (419)

We are free to go to Euclidean space, by a Wick rotation, at the end of the day we can undo
the Wick rotation and recover the physical setting i.e Minkowski space
¥ — —iz?, 2! — 2 (4.20)

where 2V is taken to be the timelike coordinate, and z? is the "Euclidean-time”. Euclidean
space is chosen so that the formalism becomes more elegant. It is easy to see that the
condition set on the €”(x), then become

0169 + Ore1 = 0, (512 =091 = 0), (4.21)
8161 — 6262 = O, (511 = 522 = 1). (4.22)

These equations are none other than the Cauchy-Riemann equations for the complex function

e(z) = ei(a',2%) +iex(z', 2?), z=a'+iz. (4.23)

Any complex function satisfying these conditions is holomorphic. Furthermore we observe
that f(z) = z + €(z), is also holomorphic. Therefore we identify the set of infinitesimal
conformal transformations in two-dimensions as the set of transformations, one for every
holomorphic function f(z)

z — f(2), z — f(2). (4.24)

It is convenient to at the same time work with z the complex conjugateﬂ since

el =1+2), 2'=-ir*=-}(z-2). (4.25)

!Clearly it should be zZ — f(2) and not f(Z), this is however standard notation found in the references, an
abuse of notation, that nevertheless makes book keeping easier, we should just think of it as a single bar i.e

f(z)=7(2) = f(2).
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When treating z and Z as the independent variables? we have that
€(2) = er(zh, 2?) +iea(at, 2?), (4.26)
€z) = e (zh, 2%) —ieg(at, 2?) (4.27)

are the independent local infinitesimals. Here €(2) is necessarily anti-holomorphic, satisfying
a slightly different version of the Cauchy-Riemann equations where the signs have been
switched (it is equivalent to being holomorphic with respect to z). As a side note, one often
uses the terms, left and right-movers for respectively holomorphic and anti-holomorphic in
analogy with the terminology used for excitations of the string.

A function that is holomorphic is also analytic (in the relevant domain), these two prop-
erties are interchangeable, and therefore we are free to power series expand around any point
in its domain, i.e

+o00
e(2) =Y _enful2), fulz) = =2 (4.28)
—0o0
+oo
€2)=> enfn(2), fu(z) = =2, (4.29)
—0o0
where €, and €, are infinitesimal constant parameters. In this way we find a natural basis
in which we can express any infinitesimal conformal coordinate transformation {e(z), €(z)}.
Furthermore we readily identify the corresponding generators that should exponentiate and
act on z, Z as follows

2o ez =z4 ful2) +0 = by =—2""0,, (4.30)

Foez=24f(B)+ = b=-2"0, (4.31)

The commutators are readily computed, one finds

Wy ln] = (M —n)lmsn, [, 0n] = (M —n)lpin, [lm, 0n] =0, (4.32)
that is, we have two copies of the Witt algebra.

The infinite set of generators, is what is remarkable about infinitesimal local conformal
transformations in two dimensions. In two dimensions, imposing conformal symmetry there-
fore turns out to be rather restrictive, and a great deal can be deduced about conformal
quantum field theories in two dimensions, simply from the conformal symmetry. Clearly for
D > 2 we have a finite set of generators as indicated by the list - .

We should stress that the generators are not all well defined globally. To address the issue
one needs to consider not C but the Riemann sphere S? ~ C U oco. Specifically generators
¢, become singular at z = 0 for n < —1 and at z = oo for n > 1, and the same applies
for the anti-holomorphic (barred) generators, in terms of z. The only globally well defined
conformal generators are then ¢y, ¢_1,¢;1 and 0y, zll,zfﬂ.

It is instructive to get a geometric intuition of the transformations generated by this
subset of the globally defined ¢’s and £’s. It is straight forward to see how ¢_; and f_;
generate translations, while for £y and £ it is useful to introduce r and ¢ by

z = re'. (4.33)

Then it becomes clear that £y + £y generates dilations, while ¢y — ¢y generates rotations. We
are then left with /11 and ¢4; which generate the special conformal transformations. All
together these generate transformations of the form

az+b

- ad —bc =1, a,b,c,d e C. (4.34)
cz+d

2Thus treating C? instead of R?, and one needs to keep in mind that we are really only concerned with
z* = z, i.e the z under the bar is the same z.
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These transformations comprise the so called Mébius group, PSL(2,C) which is isomorphic
to

SL(2,C)/Zs. (4.35)
The modular invariance (PSL(2,Z)) of a two-dimensional CFT on a torus will facilitate a
crucial step in the derivation of the Cardy formula which is at the end of this chapter.

4.4 The Energy-Momentum Tensor

For any conformal field theory the trace of the energy-momentum tensor has to vanish. This
follows from scale invariance alone. It is instructive to see how this comes about.
Specifically a scaling transformation

at — ot + (A= 1)t = Azt (4.36)
results in a change of the metric
09 = 2(A = 1) g (4.37)

To see how this relates to the energy-momentum tensor, we note that for a diffeomorphism
invariant theory it is readily identified with the functional derivative of the action with

respect to the metric

4 0S
Ty = _ﬁag“”' (4.38)
Now varying the action with respect to the metric and plugging in the above metric variation,
as well as using the explicit form of the energy-momentum tensor, we find

oS 1 A—1
= 2 _ e — 2 1224 — _ 2 14
0S /d :Uagwégw, 47r/d /g TH2(N — 1) g . /d x/gT",, (4.39)

thus

T, =0 (4.40)

if scaling is a symmetry of the action. Therefore in any conformal field theory the trace of
the energy-momentum tensor has to vanish. It is curious how restrictive this condition turns
out to be upon quantization.

Restricting back to the case we investigated previously, i.e conformal symmetry in two-
dimensional Euclidean space, in terms of complex coordinates z and Z, we note that the
metric reads

ds* = 3dz®@dz+idz®@dz, 0.:=05 =3, (67 =67=2). (4.41)
Thus for the energy-momentum tensor to be trace less, we have to require
T,z + 15 =0, (4.42)
and since it is symmetric this implies
T, =15, =0. (4.43)
Conservation of the energy-momentum tensor furthermore restricts the tensor to obey
0T =0 = 0:T., = 0.T%: = 0, (4.44)

from which it follows that
T..=T(z), Tzz=T(2), (4.45)

i.e, they are respectively holomorphic and anti-holomorphic functions. 7'(z) and T(Z) specify
the energy-momentum tensor completely, as the other components are trivial.



34 Conformal Symmetry for Black Holes

4.5 Approaching Operators: The OPE

In conformal field theories, it is common to refer to pretty much any local expression (opera-
tor) f(z, z) as a field. We will of course stick to this nomenclature throughout our discussion
of CFT. The crucial nature of conformal invariance, is very much due to scale invariance. As
a result CFTs can not have massive excitations, there is simply no length scale, i.e inverse
mass scale to be defined. As such, the degrees of freedom are all massless. Furthermore there
is no such thing as a scattering matrix, since the s-matrix is only definable when the concept
of separation between states is meaningful, clearly this is not the case for scale invariant
theories. Therefore, instead of scattering amplitudes, we focus on the local relations between
fields, i.e correlation functions between fields (whereby fields we are really restricting to local
operators in a CFT).

Precisely because we are interested in correlation functions between local operators, we
turn to the Operator Product Expansion (OPE) of such time-ordered products of fields. The
OPE gives us the precise behavior of such expressions. We are taking the limit |z — w| — 0
of local operator insertions at points z and w. The OPE asserts that in this limit the
product can be expressed as a linear combination of operators inserted at one of the points.
Suppressing the ( ) around products of operators, and implying time-ordering, we write the
OPE between two operators O; and O; as

04(2,2)0;(w,m) =Y _ Cij(z — w, Z — ©) O (w, 0). (4.46)
k

The weights Cjj, take their functional form to ensure translational invariance.

Using Ward identities for the conformal currents, and invoking other consistency argu-
ments, such as equality of the dimensionality of fields, one can deduce the general forms
of OPEs. Of particular importance are the ones involving the energy-momentum tensors
T(z),T(2). In particular the OPEs give us a way of labeling operators with conformal
weights h and h. We say that an operators O(z, Z) has weight (h, k) if

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

T(2)O(w,w)=---+h 4.47
(B0, w) = -+ b=y + = (447)
_ _ - O(w,w)  900(w,w)
T(z2)O = 4+h 4.48
(2)O(w, w) + (Z_w)ﬁ ———+ (4.48)
where *- -7 indicate possible other singular as well as non-singular terms. The conformal

weights h and h are related to the more intuitive spin s (eigenvalue under rotation), and
scaling dimension A (eigenvalue under scaling)

s=h—h, A=h+h. (4.49)

One also refers to local operators O whose OPE with the energy-momentum tensor takes the
form

O(w,w) n 00 (w, w)

T(2)0(w,w) = h(z —w)? P— + non-singular (4.50)
- = O(w,w)  00(w,w) .
T(Z2)0(w,w) = h(i — ) + g + non-singular (4.51)

as primary fields. These are fields from which all other’s can be generated by acting with
raising operators in the conformal algebra. They are so called highest weight states, annihi-
lated by lowering operators in the appropriate representation. Finally we give the OPE of
the energy-momentum tensor with itself, the TT-OPE reads

c/2 n 2T (w) +8T(w)

T(2)T(w) = 1 5

+ non-singular, (4.52)

(z —w) (z —w) z—w
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T(3)T () = ¢/2 ; 2T(m)2 oT (w)

+ non-singular. (4.53)

(z —w) (z —w) Z—w
Of particular importance, and of special interest to us, are the central charges ¢ and ¢, that
when turned on, ensure that the energy-momentum tensor is not a primary field. An often
used example, and indeed a very useful study, is that of the conformal mapping

w—z=e " w=oc+ir, oc]|0,2n) (4.54)
that maps points on the cylinder w to the plane z. Indeed, working out in detail how the
energy-momentum tensor transforms under such a mapping (which of course lives in the

space of conformal transformations), gives the result
Tey1(w) = —2*Tplane (2) + 55, (4.55)

and equivalent for 7'(2). From this one identifies the negative Casimir energy associated with
the cylinder to
—2m(c+¢)/24. (4.56)

Another important appearance that ¢ and ¢ make is in the expectation value of the trace of
the energy-momentum tensor

(Tu) = —%R (4.57)

where R is the Ricci scalalﬂ In general this equality is referred to as the Weyl anomaly, and
for good reason, we recall that the trace must vanish in any conformal, i.e "Weyl’ invariant
theory, and here we see that the charges ¢ and ¢ as well as R have appeared on the RHS
instead of zero, hence making conformal invariance at the quantum level, rather restrictive!
Moreover, it is this Weyl anomaly that breaks the symmetry of the classical theory upon
quantization.

As suggested by these remarks, the central charges are very ’central’. They encode
key features of the conformal theory at hand. As a major goal of this chapter, we wish
to heuristically derive, and argue for its intimate relation to entropy. However, for both
fluidity and to some extent completeness, we wish to discuss a particularly nice quantization
procedure, well suited for 2D CFTs.

4.6 Quantizing a 2D CFT

Indeed it is upon quantizing a theory with conformal invariance that the fun and games
begin. The tricky part of any classical theory, is whether or not its symmetries survive
quantization. Indeed there turn out to be very few unitary quantum field theories that
are conformal at the quantum level in dimensions greater than two, a unique and important
example is N = 4 super-Yang-Mills which is a superconformal field theory in four-dimensional
spacetime. There are however many two-dimensional unitary CFTs.

What we would like to in this section, is to shed light on the Virasoro algebra, that
appears as a centrally extended Witt algebra, with central charges. The central charges are
very important for our purposes, and will appear as key ingredients in the CFT tools that
we will employ throughout the remainder of this thesis.

Radial quantization, as it’s name suggest involves a mapping of the space under consid-
eration such that time ordering translates to radial ordering. Using the same mapping as in
the previous section,

w

w—z=¢e¢ " w=o+ir, o€]|0,2n), (4.58)

3Why ¢ and not & Actually, we could just as well have written & In fact it only makes sense to have
c = ¢ when R # 0, else one has a so called gravitational anomaly.
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we relate the theory on the cylinder naturally mapped by w = 7 + i0 to the theory on the
plane z and vice versa. On the cylinder, time 7 is open and extends from —oo to oo while
space o is compact. Note that due to the factor ¢ in front of the argument in the exponential,
constant 7 maps to circles with radius e”, while ¢ parameterizes these circles. In this way
constant time, i.e space-like slices of the cylinder, are mapped to circles of a given radius in
the plane as illustrated in figure 4.1

—iw

e
T —_—
w
e T . zZ
~

Figure 4.1: Illustrating the mapping of the cylinder to the plane. The shaded region on the
cylinder gets mapped onto the shaded region in the plane.

Due to the periodic nature of the compact direction o it is natural to write the Fourier
decomposition

400 ‘ c
Tcyl(w) = — Z L, e~ fwn 4 ?

i (4.59)

n=—oo

where the signs and the constant central charge term, are added such that we from (4.55)
get as a definition for the operators L,,:

“+o00
Ly
Tplane(z) = Z Z”+2 . (460)

n=-—oo

Of course we implicitly have identical expressions for the anti-holomorphic (right-moving)
functions T'(z). It follows from the Cauchy integral formula, that upon integrating both sides
around a suitable contour enclosing the singularity, we effectively invert the equation, and
arrive at an expression for L, in terms of T'(z), where we now drop the subscript plane.

1 ~ 1
L, = dz 2" (2), L, =

= =— ¢dzz""\T(z 4.61
i omi f 427T(E) (4.61)

Now we can in principle dive into evaluating the commutator, between modes, L,, and L,,.
Let us do just that! In order to do so leniently, let us play with the commutator of contour

integrals.
[% dz,j{dw] (4.62)

Without further ado, we choose to perform the z contour while keeping w fixed. Due to
the radial ordering, translating into, operators to the left are at greater radii, and operators
to the right are at smaller radii, we get a contour containing w subtracted by a contour
not containing w. Deforming the contours, we identify performing the z integration while
keeping w fixed, as the single contour tightly wound around w.

As shown in figure 4.2 the commutator amounts to taking the z contour tightly around
the point w. Clearly, acting on some expression x with the commutator, one has

[ 7{ dz, 7{ dw)[+] = 2mi 7{ dw Res[4]

(4.63)

zZ=w
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z z

Figure 4.2: The difference of the contours gives a contour winding anticlockwise tightly
around w.

Thus we find from the expressions for the modes L,, in terms of the energy-momentum tensor,
that .
(L L] = —— 7{ dw Res[:" ™ ()T (w)]| . (4.64)
271 —w
Given the TT-OPE, and residue calculus, we get contributions only from the singular terms
in the OPE. To ease reading of this section we display the TT-OPE once again

c/2 2T (w) N oT (w) n

TETw) = st mwp t o e

(4.65)
Evaluating the residues associated with each of the poles (of different order) at w then yields

_ 1 c n+m—1
(L, L] = Qm,fdw (ﬁ(n +1)n(n — 1w

+2(n 4+ DT (w) + w"+m+28T(w)). (4.66)

Integrating by parts to move the derivative in front of T'(w) to act on the factor w™™™+2.
The term involving the central charge only contributes when n + m = 0, as that is when it
has a simple pole at the origin. The other terms are readily identified with a multiple of one
of the modes, and we end up with having found that

c
[Lny Lin] = (0 — m) Ly ym + En(nz — 1)0(n—m).0 (4.67)

and it then follows in exactly the same way that

~ ~ ¢
[Lns Lin) = (n — m) Ly ym + En(n2 — 1)8(n—m).0- (4.68)

and since z and Z can be treated as independent
[Lyp, L] = 0. (4.69)

These commutators specify the algebra, namely the Virasoro algebra, the centrally extended
Witt algebra.

4.7 The Cardy Formula

All this business with CFT has up to this point, not really presented us with any unique
tools specific to black hole physics. In this section we shall remedy this, by introducing
the Cardy formula. We will discover that the central charges encode information about the
CFTs asymptotic density of states (density of states for high energy), which in turn gives us
the entropy.

One can readily compute the central charges of a theory with N non-interacting free
bosonic degrees of freedom to be ¢ = ¢ = N. Clearly this indicates that ¢ in some sense
encodes the number of degrees of freedom in the CFT. Of course this is simply a vague
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2T

2w 5R6

Figure 4.3: This parallelogram illustrates the fundamental domain of the torus, correspond-
ing to a given modular parameter 7.

suggestive argument, which gets firmer ground in the derivation of the Cardy formula that
is to follow.

We will not go into extreme detail, and this is merely an outline of the derivation. In
short it comes about from a saddle-point approximation of the CFTs partition function on
a torus, which is only valid in the regime cegheg > 1 and 24heg/cog > 1. These are the
effective charges and conformal weights which will be defined in a moment. In sketching the
derivation we found appendix B of [42] very useful.

One considers a CFT on a torus with modular parameter 7, (not to be confused with
the timelike coordinate on the cylinder), that is, we compactify the complex z plane by the
identifications

z~ z+2m, z ~ z+ 27T, T=T1+ 1T (4.70)

where both 7 and m are taken to be positive reals. It is instructive to visualize these
identifications as a parallelogram in the complex plane, by simply shifting the real interval
[0,27) by 277 as illustrated in figure

Working in Euclidean signature, the periodicity allows us to identify the correlation
function with the partition function at inverse temperature given by the periodicity in the
time like coordinate. In terms of the independent moduli 7 and 7, the partition function
reads [7]

Z(r,7) = Tr (627ri7-(L0—c/24)e—27ri7"(ig—6/24))

_ Z<¢| (eQTFiT(Lo—C/24)e—27Ti’T'(EO—5/24)) |¢>
®
_ Zp(h’ B)e27ri'r(h—c/24)e—27ri?(ﬁ—é/24)’ (4.71)
h.h
where p(h, iL) is the density of states, i.e the number of states with given conformal weights
h, h. The partition function is identical to a discrete Laplace transformation of the density
of states. Introducing ¢ and ¢

q= 6271'1'7'7 q — 6—2Tri’F7 (472)
one has ~ .
2(r,7) = 3 ph, g/, (4.73)
R,
By the inverse transformation we find
7 1 —(h—c ——(h—¢ =
pUF) = Gz §da f da oo BT 7 (.74

S

d,rf 47 e—27ri7'(h—c/24)627ri7_'(}~1—6/24+1)Z(T’ 7—_)’ (475)
c c
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where C and C are respectively the contours around the origins of the complex planes mapped
by ¢ and gq.

In order to use the method of steepest descent, i.e approximating the integral by the
saddle-point, we need the integrand to factor into a slowly varying prefactor and a rapidly
varying phase. This can be arranged!

For simplicity we continue the calculation, only for the 7 dependence, suppressing 7. The
calculation for the 7 dependence follows identically. We would then like to assert that Z(7)
is a slowly varying factor, as we approach high temperature, i.e when 1/79 — oo in other
words, when 7 — 0. Now is the time to invoke a trick, namely the modular invariance of
the CFT (4.34), specifically the invariance under 7 — —1/7, 7 — —1/7 which implies that
the partition function better be invariant as well. Suppressing the 7 dependence, we then
write, by modular invariance, that

Z(r) = Z(—1/7). (4.76)

We have then, quite remarkably, that the high temperature limit is identified with the low
temperature limit. In other words 7 — ¢0 has translated into the limit —1/7 — —ioco. Look-
ing back at the 7 dependence of Z(7), we see that indeed, in this limit Z(—1/7) exponentially
suppresses all states with weight different from a minimum value h.;,. We therefore write

Z(=1)7) = e~ Zmithmin—e/20/T 7(_1 /7)), Z(=1/71) = Tr |e” 2™ Eo=hmin)/T} (4.77)

In this way we have managed to split the partition function into a slowly varying factor
Z(—1/7) and a rapidly oscillating phase. Let us write down the integral once more, now
explicitly in terms of the slowly varying and rapidly oscillating factors, and suppressing 7

dependence,
p(h) = 7@ dre () Z(=1/7), f(r) = (h—¢/20)7 + (hmin — ¢/24) /7. (4.78)

So far no approximations have been made, it is an exact statement. However, we would
like to find a closed form for the asymptotic density of states, and we do so, by a saddle-
point approximation. The function Z (—1/7) is by construction slowly varying and in fact
equal to unity in the limit 7 — 0. We therefore pull this factor of 1 outside the integral,
effectively replacing Z (—=1/7) by 1. The integral that remains is the one of the oscillating
phase, which in accordance with the saddle-point approximation is approximated by only
taking into account the contributions coming from the minimum of f(7). The minimum of

f(1) is clearly at
. 0/24 — hmin . Ceff
=1=i4| o = 4.
TEEN TR e =Y 2heg (479)

where in order to reduce the number of variables we have introduced ceg = ¢ — 24hmin and
hest = h — ¢/24. We notice that in order to justify the limit 7 — i0 we must have

WUheg/Cof > 1. (4.80)

We must also have
heffCofs > 1, (4.81)

in order for the rapidly oscillating phase to be rapidly oscillating and to be dominating in
the integral.
Expanding f(7) around its minimum

()= f(ro) + 3" (o) (T —m0)* + -+ -, (4.82)
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we get to leading order in (7 — 79), by evaluating the Gaussian integral

R ~ 9 CeffPoft Ceff 1/4 4.83
p(h) = exp | 2my[ —¢ T (4.83)

It is possible to take higher order terms into account, but it is usually sufficient to stop at
this order. In fact, one is usually satisfied with identifying the entropy with

7 € he ~e ile
S =log p(h, h) = 2my/ & el 4 omy) ¢ e, (4.84)

i.e ignoring the logarithmic correction(s). Here we have included the full expression in terms
of the right-moving degrees of freedom as well. This is referred to as the Cardy formula.

Transforming to the canonical ensemble [15], we can express the entropy (the Cardy
formula) in terms of left and right temperatures defined by

E)h @h
Ohet )iy, TL°  \Oh)p, Tn '

To save writing subscript ’eff’, let us dub

CL = Coff, CR = Coff- (4.86)

Then, in terms of the above defined left and right effective temperatures, we have the Cardy
formula expressed as
S = %Wz(CLTL + CRTR). (4.87)

The region of validity in terms of these temperatures, as dictated by hegceg > 1 and
24heg/Cor > 1 reads
Ty, > 1/2n, T > V6, (4.88)

and of course the same applies for the right movers

Tr > 1/2n,  cgTr > V6/7. (4.89)



5
Subtracted Geometry - Hidden Symmetry

In this chapter we briefly review hidden conformal symmetry for the Kerr black hole and
focus on the subtracted geometry approach to revealing hidden conformal symmetries for
asymptotically flat black holes in the STU model. We will see that the black hole thermo-
dynamics are independent of a certain warp factor Agy. Essentially it is the insensitivity of
black hole thermodynamics to changes in A, that allows for subtracted geometry. We will
derive a separability condition for general warp factors A that gives the radial equation a
hypergeometric form. We find a warp factor of particular interest, namely Anxgrk. Further-
more we study the large r behavior of subtracted geometries and address the extent to which
we may interpret subtracted geometries as placing the black hole in a confining box. Finally
we present the generators of SL(2,R)? relevant in the minimally subtracted case.

5.1 Introducing Subtracted Geometry

The entropy matching is striking for extremal black holes, and is suggestive of a dual CFT
description. The Kerr/CFT correspondence conjectured for extremal Kerr black holes is a
prime example. In [27] the near-horizon extremal Kerr (NHEK) geometry with enhanced
isometry group SL(2,R) x U(1) is found to possess a set of BCs for metric fluctuations,
whose asymptotic symmetry group (ASG) enhances the U(1) to a single copy of the Virasoro
algebra with central charge ¢y, = 12J. It would be a triumph to achieve similar results
for black holes away from extremality. However, this has shown to be problematic; the
symmetries inherent in the near-horizon region for extremal geometries are in general not
present away from extremality. As an example, the NHEK region which facilitates the
Kerr/CFT correspondence in [27] is no longer present. Instead, the near-horizon geometry
is simply Rindler space, for which a dual CFT is currently out of reach [11]. It is also clear
that non-extremal Kerr black holes have both the left and right moving sector turned on,
while extremal Kerr is chiral. The fact that there are no consistent boundary conditions that
allow for both left and right movers [25] goes to show how the methods of [27] cannot be
applied for non-extremal black holes.

The trouble with a CFT description away from extremality is the lack of symmetry in the
geometry. Conformal symmetry of the geometry is sufficient for conformal symmetry of the
inhabiting fields, however it is not necessary. When field equations have the symmetry, while
the geometry does not, we call it hidden. Indeed there is a hidden conformal symmetry for
Kerr black holes as noted in [11]. The symmetry is apparent for massless scalar ﬁeldsﬂ whose
wave equation (in a certain regimeﬂ) is solved by hypergeometric functions. Hypergeometric
functions transform under SL(2,R) indicating conformal symmetry.

In the Kerr case [11] the hidden symmetry is only apparent in a certain limit when the
offending term proportional to w? can be discarded. It would be great if such a simplification
could be circumvented. This is what is achieved in the subtracted geometry approach to
hidden conformal symmetry.

!This also appears for higher spin and fermionic cousins.
2The offending term is proportional to w?, the authors consider a regime in which this term is safely
ignored
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The so called subtracted geometries were introduced by Mirjam Cveti¢ and Finn Larsen
in [19, 20]. They find that the thermodynamic potentials of the black hole and the causal
structure are independent of a certain warp factor Ag. They interpret this independence to
mean that the warp factor encodes information about the spacetime surrounding the black
hole, suggesting that one may consider alternate warp factors to study the same black hole.

They also argue more generally that it is the negative specific heat characteristic of
generic black holes that obstructs a CFT interpretation, since unitary CFTs always have
positive specific heat [20]. Furthermore the fact that this is related to the physical coupling
between the internal structure of the black hole and modes that escape to infinity, suggests
that one needs to put the black hole in a reflecting cavity (a system in equilibrium) in order
to study the black hole by itself. Indeed the subtraction procedure effectively facilitates this,
by altering the asymptotic form of the metric, in particular one finds that the subtracted
geometries are asymptotically conical [16]. Furthermore one finds that it is necessary to alter
the matter as the subtracted geometry by itself does not satisfy the equations of motion.
One may then loosely interpret this matter as supporting the confining box.

A guiding principle in the subtraction procedure is the requirement of separability moti-
vated by the separability of the massless wave equation for the original black hole. Generically
one therefore looks for warp factors that render the wave equation separable. However, more
importantly the goal is to identify warp factors that in addition give a wave equation that
can be mapped to the hypergeometric equation, thus revealing hidden conformal symmetry.

Before diving into the details of [19] we give a list of the requirements imposed on the
possible generic warp factors A that define a subtracted geometry a priori:

1. A must render the massless wave equation separable.
2. A needs to give the massless wave equation a hypergeometric form.
3. A cannot contain singularities distinct from the event horizons and r = oc.

It is important to stress that whatever warp factor we choose, the thermodynamics are
implicitly unchanged as shown in [19, 20], and that the above restrictions are imposed to
ensure separability and hypergeometric structure in the wave equation. Actually the last
point regarding the singularities is not only motivated physically, but also goes hand in hand
with a hypergeometric radial equation, we will get to these salient points eventually.

We also stress that it is the SL(2,R) invariance of the hypergeometric radial equation
that indicates conformal symmetry. Indeed this invariance is the precursor for identifying a
Virasoro algebra in the general subtracted geometry [20].

In what follows we will be considering a particular family of four-dimensional black holes
in the N/ = 2 minimal supergravity coupled to three vector multiplets, the STU model. We
note that Cveti¢ and Larsen originally considered five-dimensional black holes in [20]. A lot
of the work in [20] parallels that in [19] where they consider four-dimensional black holes,
and we will stick to the latter in this thesis. The four-dimensional black holes are of course
of special interest due to them being four-dimensional.

5.2 The Four-Dimensional Black Holes

In [19] the stage is set by the general rotating four-dimensional black holes from string theory
with four independent U(1) charges Q, I = 0,1,2,3, mass M and angular momentum J
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parameterized by m, a and d; via

3
GiM = ichosh%I, (5.1)
1=0
G4Qr = %m sinh 247, (5.2)
G4J = ma(Il. — II,), (5.3)

where G4 is the four-dimensional Newton constant, and

3 3
II. = H cosh dy, II, = H sinh d;. (5.4)
=0 1=0

We note that the §; are dimensionless, while both m and a have dimensions of length.
The metric reads

_ 2 X
ds? = —A; PGt + A2 + AY? <C§ +do? + e sin26 d¢2> , (5.5)
where
X =72 —2mr + d?, (5.6)
G =% — 2mr + a® cos?,
2ma sin6
A= —5— (e = Ty)r + 2miLdo, (5.8)

3 3
Ag = H(r +2m sinh261) + 2a? cos?6 [7“2 + mr Z sinh?8; + 47)12(1'[c — II)II;
1=0 =0

—2m? Z sinh?6; sinh?8 sinh25K} + a’ cos6. (5.9)
I<J<K

The original warp factor Ag simplifies greatly when all charges vanish, then we have the
purely rotating geometry with

Ao = (r* + a® cos?). (5.10)

A derivation of this family of black holes and the accompanying matter fields can be found
in [13]. Details regarding the STU model can be found in appendix

Having set the stage, we investigate the physical and thermodynamic quantities of these
black holes. What we need to show is that the physical and thermodynamical properties
ascribed to the black hole, are independent of Ay.

We start by identifying the ergosphere, this is the region outside the event horizon, and
enclosed by the static-limit surface. The static limit surface is the locus of points in the
spacetime for which trajectories along the Killing direction parameterized by t cease to be
time-like, i.e where g4 = 0. It is clear from that this surface is where G = 0. The
event horizon, in the clever coordinates chosen, can simply be identified as the constant r
hypersurface that is everywhere null. This is where ¢"" = 0, and hence where X = 0. As
a check we see that the points for which X = 0 are inside the static limit surface G = 0.
Specifically the outer and inner horizons are two-spheres of radius

ry =m=+vVm?—a?. (5.11)
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When moving on to study the thermodynamic potentials, we will keep it slightly more
general, considering arbitraryﬁ X, Ag, Ay and G specified via 1) Following [19], we write
the metric in the form

dr? sin%0 _
ds? = AY? (X + X2 d¢2> n [Aé/QdGQ — AFY?G(dt + A¢d¢)2} , (5.12)
where it is now apparent that when near the horizon X ~ 0 and G ~ —a?sin?f, the part
enclosed in round brackets has Lorentzian signature, and indeed can be interpreted as Rindler

space:
ar? X
— — T de¢?. 1
=~ (5.13)

Wick rotating to Euclidean signature qg = 1¢ and employing a new radial coordinate p =
2WVX , we find

dp* 2 d<l~52

. 5.14
(0, X)? T (5.14)

r=r4

Now ¢ must have period

4dma
= 5.15
B(ﬁ 87.X Y ( )

r=ry

to avoid a conical singularity. To determine the Euclidean periodicity of the asymptotic time
t, we use the fact that 34 should take on the same value everywhere on the event horizon.
Furthermore, seeing that the geometry of the event horizon is encoded in the square brackets

of equation (5.12]), we see that
dt + Ay do (5.16)

needs to be unchanged as ¢ is periodically identified. This determines the Euclidean period-
icity of t (and thus the Hawking temperature) to

B = —Agp Be- (5.17)
T=r4

Since A4 may in general depend non-trivially on 6, it is not immediately clear that the
inverse temperature is constant over the horizon, as it should be. To remedy this it is useful
to introduce the reduced potential

G
-Ared = mAQS, (518)
which depends on r only, and at the horizon coincides with —aAg, whose 6 independence
at r = ry is unclear in general, but certainly holds when A4 is given by . In general
we should have that A, reduces to an expression independent of § at the horizon r = r¥.
Thus we express the thermodynamic potentials in terms of a, in general unspecified reduced
potential A,.q which in our case is defined by .

We also have that these periodicities are related to the rotational velocity €y, that is

_Bs_ 1

T=r4

Finally the area of the outer horizon r is found by the integral

A= / ) \-GAZ dpdo = / IAredI]T:r+ sinf df do) = 47 | Al | _ (5.20)

3We will however restrict to non-extremal black holes, for which X = 0 is a simple pole in X (r).
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where the measure is read off from . This concludes our short inspection of the ther-
modynamics. The main lesson is that the locations of the static-limit surface as well as the
event horizon are independent of Ag. Moreover the thermodynamic quantities; Hawking
temperature, horizon area (entropy) and the rotational velocity of the horizon are all inde-
pendent of Ag. This is what justifies the interpretation of Aj as encoding information about
the geometry in the vicinity of the black hole, i.e its asymptotics, rather than information
about the black hole itself.

5.3 Separability of the Massless Wave Equation

We want to find out the restrictions set on possible warp factors A, when demanding a
separable wave equation. We begin by showing that the wave equation is separable for the
original warp factor Ap, and afterwards find a condition for separability for general A. We
will also write down the radial and angular equations that result from separation of variables.

The wave equation, specifically the Klein-Gordon equation for a scalar field of mass M
reads

1 B
——8,(v/—gg"d,)P® — M?*® = (. 5.21
Ve L (V=99""0,) (5.21)

To start off with, we again only employ the generic dependence on the various functions, i.e
in terms of the functions X, A and A, and using the relation

G = X — a?sin%6. (5.22)

We employ A instead of Ag, leaving open the possibility of A # Ag. In terms of these
functions the metric components read

—G ~GA,
A
gu = A2 N : (5.23)
~GA, G X sin%0 — GA2

Due to the block diagonal like form of the corresponding matrix, we find the determinant to
be simply the product

9 = 9rr900(9tt9¢p — Greggt) = —A sinf. (5.24)

Similarly, finding the inverse amounts to inverting g,, and ggg while the (¢t — ¢) block, is also
easily inverted

a _1 __GA
A X sin?6 G x AX sin20
v __ 1/2 N
g =AY A : (5.25)
_ G’.A¢ G
AX sin?6 AX sin?6

Since the components of the metric only depend on r and 6, we get the Laplacian

g""' 8,0, +F L (vV—99"")0, (5.26)

with the last term only getting contributions from terms with p = r, 6. Computing gives

A
98,0, = A™Y? [_Ga,? + X%+ 9% + (Ap0y — a¢)2] , (5.27)

G
X sin?6

F 8, (vV—gg" )8, = ATL/? |:(67~X)67~+Si1110(8981n9)89:|. (5.28)



46 Conformal Symmetry for Black Holes

Thus we find that the wave equation reads

A
A2 292 4+ 0,X0, + ——psin 00y + G

1 2 ~ 9
—_— — d— M*D=0. .2
G sin 6 X sin26 (Ad)at 8¢) 0. (5:29)

In general it is the first and last term inside the square brackets of (5.29) that prevent
separability, i.e these terms generally prevent scalar probes of the form

O(t,r,0,0) = R(r)Y (0, ,t), (5.30)

since the effective potential may couple the different coordinates "V (z,y) # Vi (z) + V,(y)”.
However, using G = X — a?sin?6 and employing the reduced potential 1 , the Lapla-
cian simplifies to

2 —A
Arede atQ

1 1 1
AV (A, 2 - X0 + ——0gsinf 2 31
¢ (Areads +ady)* + 0, X0, + <0 sin 00 + Sin298¢+ (5.31)

no

Furthermore, plugging in the explicit expressions for G and Ay, and setting A = A, we see
that the massless wave equation becomes separable, since

Ared = 2m[(Hc - HS)T + QmHS] (532)
and
3
Ag— A2y = G|r? + 2mr <1 + Zsf,) + 8m? (I, — 11,11,
1=0
— 4m? Z 575555 +a’ C0829] , (5.33)
I<J<K

where 5% = sinh?;. Clearly the terms potentially spoiling separability are now seen not to
do so. Equation is simply a polynomial in 7 with “constant” term depending on € (the
factor of G in front is divided out in the Laplacian (5.31))). Thus the original warp factor A
indeed realizes a separable massless wave equation.

From what we have found so far we can conclude that for an arbitrary warp factor A,
the massless wave equation is separable provided that

A— ‘A?ed
G

where f, and fy are arbitrary up to some constraints which we will elaborate on in a moment.

Indeed, to investigate the situation further, we should separate the differential equation
via the method of separation of variables. The general warp factor A is taken to be inde-
pendent of ¢ and ¢, in general we therefore have that 0; and 9, are Killing vectors of the
spacetime , and expanding in eigenmodes

= fr(r) + f9(0)7 (534)

O(t,7,0,9) = &(r,0)eHme?, (5.35)
the Laplacian (5.31) is found to read

1

1 ms A — A2
A_1/2 Y(‘Aredw — am¢)2 + 0, X0, + ¢ Ared wQ

sin 6 0 sin 00 — sin0 + G

(5.36)

If this is separable, we should be able to extract two independent differential equations, one
for the r dependence and one for 6 dependence. Writing

O(r,0) = R(r)S(0), (5.37)
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noting that the overall factor of A~1/2 plays no role for massless scalars, and dividing by

R(r) and S(0), one finds that the massless wave equation, 1) with M = 0, implies

R" R S8"  cosf S
X+ X't o+ o+ V(0 =0, (5.38)

where

2
m¢ + A— ‘A?ed w2 =
sin26 G

1
V(r,0) = Y(AMW —amgy)? — Vi (r) 4 Vy(6), (5.39)
and primes on R and S denote differentiation with respect to r and 6 respectively. Clearly all

terms are either constants or depend solely on either the radial or angular coordinate given
that A satisfies (5.34). This allows us to separate r and 6 dependence such that equation

(5.38)) takes the form
R" R S” cosh S

XUy gy 2 cslS
R PRIV =9 -G0S

—Vy(8). (5.40)

As usual the fact that this equation needs to hold for all » while @ is kept fixed and vice
versa, implies that each side equates to the same separation constant, which we denote K.
The angular and radial equation then read

9
S" + —;EGS’ + (Vo + K)S =0, (5.41)

and
XR'+X'R + (V, - K)R =0, (5.42)

respectively.

From this analysis, it is clear that the massless Klein-Gordon equation is separable,
however the massive Klein-Gordon equation is in general not separable. This is related to
the fact that there is no Exact Killing-Stackel Tensor (EKST) for the general four-charged
black holes that we are considering, instead one has a Conformal Killing-Stackel Tensor
(CKST) [37], hence a weaker form of separability. Notably however, setting all charges equal
one gets the familiar Kerr-Newman black holes. Both the Kerr-Newman black holes and the
two-charge black holes (setting the charges equal in pairs) exhibit EKSTs; both the massless
and massive Klein-Gordon equations are separable [37]. In this thesis we will focus on the
massless Klein-Gordon equation, for the four-charged rotating black holes (5.5).

5.4 Singular Points of the Radial Equation

We have already seen that requiring separability of the massless wave equation gives rise to
the relation (5.34). Now we would like to identify the subset of warp factors that in addition
give us a hypergeometric radial equation. It is well know that any linear ordinary differential
equation with three regular singular points can be mapped to the hypergeometric equation,
thus we proceed to analyze under what circumstances our radial equation has three regular
singular points.

We recall that a differential equation of the form

f'(@) + po() f'(x) + pr(z) f(z) = 0 (5.43)

has in general regular points, but also possibly singular points, which are identified as being
either regular or irregular [28]. Consider a point z = p, then (5.43) is regular at p if po(z)



48 Conformal Symmetry for Black Holes

and p1(z) do not diverge at © = p, while it is singular otherwise. Indeed if either po(z) or
p1(x) diverge, that is

1 1
po(z) ~ ———m—, p1(x) ~ ———= for |z —p| —0 (5.44)
(=) (z —p)~ ) (z —p)P | |
then p is regular singular when o < 1 and § < 2, otherwise when o > 1 and/or 5 > 2, p
is an irregular singular point. For completeness, if the singular behavior is not of the form
(5.44)), then it is an essential singularity.
To analyze the possible singular points of the radial equation we consider the normalized

radial equation (divide (5.42)) by X):

R”—FXR/—FVT_K

R=0. 5.45
e e (5.45)

We immediately see two singular points, the values of r for which X = 0, namely

ry =m+vm? —a?. (5.46)

The factor multiplying R’ has a pole of order one. Furthermore, noting that

(Areaw — amy)?
X

V= + (regular at r4 and r_) (5.47)
and that the numerator of the first term is simply a polynomial in r with roots distinct from
r4, we see that the factor multiplying R has a second order pole at ry and r_. Thus r; and
r_ are regular singular points.

To investigate the singular nature of » = oo we employ the coordinate transformation

o (5.48)

such that w = 0 coincides with r = co. Derivatives with respect to r then transform into
derivatives with respect to w via the chain rule

-1

where primes denote differentiation with respect to r and dots with respect to w. Repeated
use of the chain rule gives

" =wtf + 203 f. (5.50)
After applying this transformation to the radial equation (5.45)) we get
. CLZU) —m . 1 V;« - K
R+2 R+ — R=0. 5.51
+ <a2w2—2mw—|—1> T <a2w2—2mw+1) (5:51)

The factor multiplying R is seen to be regular at w = 0, while the factor in front of R is
looking singular. Indeed, since (for Ag) V. ~ r2 for large r (look at ), we can pull out
an extra factor of 1/w? revealing a fourth order pole. From now on when we write ~ r® we
mean the power-law behavior for large 7.

Clearly r = oo is an irregular singular point, thus for the original warp factor Ay, we get
a radial equation with two regular singular points r4 and r_, and an irregular singular point
r = 0o. We would have been happy if r = oo was a regular singular point, however, since it
is irregular we cannot map the radial equation to the hypergeometric equation.

We note that the singular point at infinity is only irregular as a consequence of Ag ~ r
for large r, which in turn results in potential V. ~ r2. Therefore we should be able to reduce

4
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the order of this pole by replacing the original warp factor by a "subtracted” warp factor A.
If we choose a A ~ r3, infinity remains irregular, while for A ~ r2, and indeed for A ~ 77
with v < 2 the singularity at » = oo becomes regular. As we shall see we can only have v = 1
or v = 2 as we are not at liberty to introduce new singularities in the metric. Furthermore,
upon closer inspection these are the only cases for which we can satisfy .

Let f.(r) = const. x r®, then the condition of separability implies that

a+1

A = -+ const. x r® 4 const. x r®T! 4 const. x r*+2, (5.52)

To ensure at most A ~ 2 we see that we need a < 0. For a < 0, A would be singular at
r = 0 thanks to the term ~ r*. The only possible choice is therefore o = 0, thus proving
that f, must be a constant which we are free to absorb with fy(6). We may now write the
“hybrid” separability condition as

A— ‘A?ed
G

As we claimed in the previous paragraph, it is now clear that we can only have A ~ r7,
~v = 1,2, as both G and Afed are second order polynomials in r (with the exception of a
"constant” 0 dependent term in G).

We move on to verify the result of [19]; that there is a unique A ~ r satisfying (5.53). We
will also see that for this particular warp factor the angular equation simplifies to spherically
symmetric form. After this we will identify the broader class of warp factors when allowing
for A ~ 2.

= fo(0). (5.53)

5.5 The Minimal Warp Factor A ~ r

Explicitly the condition for separability (5.53)) reads

A —4m? [(I1, — T15)%r? + 4mlL (T, — II)r + 4m?112]
r2 — 2mr + a? cos?0

— fo(0). (5.54)

For A ~ r, the condition for separability is rather restrictive. Note that we are unable to
effect the overall coefficient multiplying r? in the numerator, i.e it is fixed to —4m?(Il.—II,)2,
thus the condition implies

fo(0) = —4m?(I1, — II,)2. (5.55)

Solving for A gives
A = (2m)3(I12 — I12)r + (2m)*112 — (2m)* (11, — I1,)2a> cos®d. (5.56)
For this particular warp factor

(Zm[(HC —Is)r + QmHs]w - am¢)2
rZ — 2mr + a?

Vi(r) = — 4m? (I, — ,)%w?, (5.57)

2
M
sin20

We see that for such an angular potential Vp, the angular equation (5.41) reads

Vo(0) =

(5.58)

2

- g kg (5.59)
sin @ sin?6 ’ '

S cos 6

Writing x(0, ¢) = S()e"™+?  and combining the @ differentials this angular equation takes
on the familiar spherically symmetric form

1
sin26

a;) (6, 8) = —K x(0,6). (5.60)

sin 6

< 1 Op sin 60y +
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Where K = ¢(¢ + 1) for integer ¢, as usual. Furthermore, for the radial equation the now
regular singular point r = oo is found to have indices (¢, —¢ — 1). We briefly elaborate on
how.

When using Frobenius’s method to solve the radial equation around the regular singular
point 7 = 0o, a series expansion multiplied by w™7 is used (where w = 1/r). To zeroth order,
this exponent v has to satisfy the so called indicial equation. For the radial equation ,
performing such a series expansion around r = oo, i.e w = 0, gives the indicial equation

Y(y+1)— K =0. (5.61)
This has roots
S S S ) (5:62
and hence
vy =4, v =—f—1. (5.63)

5.6 General Warp Factors

We just saw that there is a unique A ~ r that gives a separable massless wave equation.
Now, we investigate the possible A ~ r? and see what restrictions (5.53) imposes in this
case. A priori, the constraint (5.53) should be less restrictive in this case, due to the extra

degree of freedom associated with the ability to tune coefficients multiplying terms ~ 2 in
A.
We start by inspecting the explicit version of (5.53)
A — 4m?[(I1. — IL,)?r? + 4mIl (I, — II,)r + 4m>I1?
[( ‘ ) (e ) 5] = fo(6). (5.64)

r2 — 2mr + a2 cos?0

In general, this implies that separability amounts to tuning coefficients in A such that the

numerators factorizes as G x (separable). It is easy to see that the warp factor has to

depend on 6, indeed we need a term proportional to cos?§. We restrict the r dependence

to polynomials that go like 72 for large 7. Indeed as we showed in section 5.4 A must be a

polynomial in  (with the exception of § dependent "constant”) of at most quadratic degree.
We are therefore restricted to warp factors that take the form

A = Ar? + Br + C + D cos0, (5.65)

where A, B,C and D are real constants. For the numerator to factorize as G X fy one must
have

A —4m*(T,. — )% = fy, (5.66)

B — 16m>1L,(II, — I1,) = —2m fy, (5.67)

C — 16m11% = 0, (5.68)

D = a? f,. (5.69)

We identify the minimally subtracted warp factor A when fy = —4m?(Il. — Ils)?, and
furthermore, see that this allows us to express the general A ~ 12 as

A = A+ [fg +4m2(I1, — 11,)?|G. (5.70)

We introduce © = fy + 4m?(Il. — I1)? in terms of which (5.70) reads

A=A+ 060G, (5.71)
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where now © = 0 corresponds to the minimally subtracted warp factor.

We have now established the general class of warp factors that give us a separable massless
wave equation whose radial equation takes on hypergeometric form . We note that in
[19] they say that © is a constant, clearly our analysis shows that it may depend non-trivially
on #. Whether this went unnoticed or there is an underlying reason to discard 6 dependence
is not clear from [19]. We continue under the assumption that the result is correct.

We are mostly interested in the cases A ~ 72 for large r since the minimally subtracted
case with A = A has been studied extensively in the literature [2, 16, 19, 20, 54]. Furthermore
as we will show (and as was pointed out in [19]), considering the case 6; = 0, the NHEK
limit on A does not coincide with the NHEK limit on Ag, thus suggesting perhaps, that A
is not an ideal choice. It would indeed be interesting to try and find warp factors that
give the same NHEK limit as Ag.

5.7 NHEK Limit on Warp Factor

Restricting to the case §; = 0, we find that the original warp factor simplifies to (5.10). This
is the purely rotating four-dimensional Kerr black hole. In [27] they study the near horizon
region of such an extremal Kerr black hole, and furthermore identify boundary conditions
for metric fluctuations whose ASG suggest a dual chiral CFT description. The NHEK limit
originally taken in [3] plays a central role in the analysis of [27]. When applied to the Kerr
geometry, the NHEK geometry is seen as a warped AdSs geometry with radius 2 = 2m?
and warp factor

Q = (1 + cos?0). (5.72)

As far as the warp factors are concerned, the NHEK limit is realized via the scaling limit

Vm2 —a? = e, r—m=UM\, A— 0, (5.73)

where € and U are dimensionfull constants and A is the dimensionless scaling parameter. In
this limit, we find that the warp factor

2
VA — %(1 + cos?6). (5.74)

On the other hand, for §; = 0, the minimally subtracted warp factor (5.56) simplifies to
A = 4m?*(2mr — a® cos? 6). (5.75)
This time, the NHEK limit (5.73) gives

VA = 2v/1 + sin? 4, (5.76)

which is clearly different from the NHEK limit of Ag. In [19] they suggest that this may
not be contradictory, but may simply suggest that there are two valid CFT descriptions
for rapidly spinning (i.e extremal/near-extremal Kerr) black holes. Nevertheless, it may be
worth while to search for other warp factors for which the NHEK limit coincides with .

2

Sticking to the case of vanishing charges, we have that the general A ~ r* warp factor

reads
A = 4m?(2mr — a® cos?) + O(0)(r? — 2mr + a® cos®h). (5.77)

In the NHEK limit, ignoring for now what happens to © we get

A — 4m*(2 — cos?0) — m? sin?0 ©(6). (5.78)
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Interestingly we see that there is a ©() such that A — 0, namely

0(f) = 4m? <1+ ! > (5.79)

sin26

Furthermore we readily see that the correct NHEK limit is achieved with the choice

1 (1—1—00529)2]
O(f) = 4m* |1 —
(6) i [ + sin’6 4 sin?6

= Tm?* 4+ m? cos?0), (5.80)

In this expression all the terms are proportional to m?2, however it is clear that we could
also have chosen to make them proportional to a? since in the NHEK limit vm?2 — a2 — 0.
However, as we will elaborate on in limited detail in section the warp factor cannot
depend on 6 when a = 0, therefore the angular term in should be proportional to a?
not m?, while the constant term is still ambiguous, therefore we restrict to © of the form

0(0) = Am? + (7 — A)a* + a®cos®),  AcR. (5.81)
For a given A such a O corresponds to a warp factor

AnmEK:A = (Am? + (7 — A)a® + a* cos?0)r?

+[(4 — A)ym? + (A — T)a® — a® cos®0)(2mr — a® cos®d), (5:82)
whose NHEK limit coincides with the NHEK limit on Ag. To be clear is the most
general choice given that the angular term should vanish when a vanishes, clearly for all
choices of A the NHEK limit on such a © gives 7m? 4+ m? cos?, where m = a as a result of
the limit.

To the best of the authors knowledge such Axngk:4 have not been observed in the liter-
ature. In order to take such warp factors seriously, one would have to show that there exists
matter consistent with the STU model that support the corresponding four-dimensional black
hole geometries. In [19] they found matter consistent with the STU model that supports
the geometry with warp factor A in the static case, and in [16] they extended this to the
general rotating case by employing a suitable scaling limit. However, A is a warp factor that
goes like r for large r, while our proposed Axpgk.a go like r? for large 7 as long as a and
m are non-vanishing. Although we will not manage to establish matter for this warp factor
in this thesis, we will make progress in that direction by finding matter both in the static
and rotating case, that supports a warp factor that goes like 2 for large r, namely the warp
factor A_ = A2 ;. We will get to that shortly, first we address the asymptotic behavior for
subtracted geometries.

5.8 Asymptotic Behavior

The subtraction process alters the asymptotic behavior. This, as we have seen, is a con-
sequence of demanding that the radial equation has a regular singular point at r = oo.
However it is also desirable from a purely physical point of view. As a great example, the
Hawking-Page phase transition between an asymptotically AdS-Schwarzschild black hole and
thermal AdS, was discovered by studying the Schwarzschild black hole in confinement, in
particular by placing it in an asymptotically AdS spacetime [31]. The reason behind studying
such a confined black hole is to avoid the problem of negative specific heat; the black holes
Hawking temperature increases with a decrease in mass. We therefore take a closer look at
the asymptotic behavior for the subtracted geometries, and furthermore briefly address the
related confinement properties.



Chapter 5. Subtracted Geometry - Hidden Symmetry 53

For a general warp factor the asymptotic behavior of (5.5) reads

ds? ~ —ATY22g2 4 AV2 L

> (dr® + r2dQ3), (5.83)

which readily follows from the definitions of the various functions involved in the line element
for our family of black holes.

The minimally subtracted warp factor A, goes like A ~ (2m)3(Il, — II;)?r. Introducing
R = 403/*r1/* where (3 = (2m)3(11, — IL,)2, the asymptotic reads

6 2
ds® ~ — (Z) dt* + dR? + (f) dQ3, (5.84)

which has the apparent scaling symmetry ds?> — A?ds? implemented by R — AR and t —
A~2t. Here the non-standard scaling of time is pointed out to be reminiscent of the Lifshitz
symmetry found in recent developments of holography in condensed matter systems [19].

For the more general warp factors A ~ r? one has the behavior A ~ ©(6)r? for large r.
With this behavior it seems appropriate to introduce R = 20Y/471/2 for which the behavior
reads

R2
ds” ~ — 15 dt* + (AR — 1R 0y(log ©) d6)” + LR? d03. (5.85)
For constant © we have
R\? R\?
ds® ~ — (%> dt* + dR? + (2> dQ2. (5.86)

with £ = ©'/2. This time the scaling is implemented by R — AR and t — .

It is interesting to note that for ©’s of the form , 090 = —2a®cosfsinf. This
expression vanishes at § = 0 and ¢ = 7, implying that dy(log ©) in vanishes. Further-
more since a < m to avoid a naked singularity, we have that © > 0 for all 8 provided that A
in (5.81)) is chosen such that the constant term in (5.81) is positive for m > a > 0.

In [16] they note that these metrics asymptote to a form where the spatial part for fixed ¢
is a flat two-dimensional cone. This they refer to as the metric being asymptotically conical
(AC). Indeed, the relevant two-dimensional cone for the spatial part of restricted to

™

the equatorial plane (6 = §) reads

dsZ,, = dR* + 1 R* d¢*. (5.87)

equ

This is the metric of a two-dimensional cone with deficit angle

2m(1 - 3). (5.88)
While the cone in the case A ~ r has deficit angle

2m(1 - §), (5.89)

which is a greater angle of deficit implying a "steeper” cone. Indeed for A ~ r* the metric is
no longer asymptotically conical, but as expected, asymptotically flat. We see that A ~ 72
is closer to being asymptotically flat, than A ~ 7.

The fact that A ~ r2 subtracted geometries are AC with angular deficit less than for
the case A ~ r suggests that those geometries are less confining as illustrated in figure 5.1.
An idea behind the subtracted geometry approach is that one necessarily needs to study the
black hole in a ”confining box”, a system in equilibrium for which the specific heat is no loner
negative, making it possible for a CFT description. As elaborated on in [16], the confining
property is determined by the exponent p when writing the general AC metric of the form

2p
ds? — — <§> dt*> + B2 dR? + R? dQ2. (5.90)
0
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R
v V

v

Ag ~ 1t A+0OG~1? A~r

Figure 5.1: Tllustrating the spatial part of the asymptotic spacetime (restricted to 6 = 7)
for different power-law fall off of the warp factor. The black dot represents the
throat region connection the asymptotic region with the horizon.

Clearly B =2, Ry = £ and p = 1 gives up to an overall constant factor. In [16] they
argue that for p > 1 these geometries have confining properties, and indeed since p = 3 for
A ~ 7 the minimally subtracted geometry displays the desired confinement properties, akin
to the properties of asymptotically AdS spacetimes. It seems however that for the general
warp factors A ~ 72 we may not have such confining properties since p = 1. This challenges
the usefulness of subtracted geometries with A ~ 2.

To make this discussion quantitative, they [16] consider null geodesics whose spatial
projections are geodesics of the optical metric

Ro\ Ro\*
ds? = B? <R°) dR? + R? (R°> (d6? + sin%0 do?) (5.91)
which is directly read off from (5.90)) setting ds?> = 0, and identifying dt?> = ds2. To analyze

R = oo we employ R = Rl_pRg in terms of which the optical metric reads

B

a5} = B + R (a0° +sin’0ds?), B= g

(5.92)

This is clearly the metric of a cone over a two-sphere. We note that R = co coincides with
R =0 for p > 1. Furthermore outwardly directed null-geodesics that are not strictly directed
radially (in the R direction) will necessarily not reach R = 0 (R = o), but instead wind
around R = 0 (the tip of the cone) for a finite time and head back. When such geodesics are
radially directed they will however hit R = 0 in finite time.

We see that the cone in question has angular deficit

o (1— ‘1;"). (5.93)

The special case p = 1, which we recall is the case for warp factors A ~ 72, is seen to give a
deficit angle of 27, however the radial coordinate R is ill-defined. Going back to 1} and
employing the radial coordinate R = Rylog(R/Ry), we find that the optical metric reads

dsy|,_, = B*dR® + R{ (d6* + sin®0 dg?). (5.94)

It is clear that we do not have a cone, instead as suggested by the fact that the angular deficit
limits to 27 and now clarified by the above form of the optical metric, we have R x S?, and
it seems that null-geodesics are free to escape toward infinity regardless of whether they are
strictly radially outward directed or not.

Furthermore, according to the Tolman red shifting law the temperature of thermal radi-
ation for metrics of the form 1) falls off as —1/,/go0 = R™P, implying that for p > 1 the
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entropy outside a shell of radius R; is finite while for p = 1 for instance, which is the case
for A ~ 72, we have that the entropy outside a shell of radius R, is infinite. This is apparent
from the behavior of [ ;j R™PdR.

Before ending this section it is worthwhile to mention the alternative viewpoint of the
“confinement” properties. Indeed surprisingly little is required to show that the metrics
for p > 1 are conformal to AdSs x S?. We rescale the time coordinate and employ a new
radial coordinate . .

p
=) 5 = (5.95)
where B was defined in and ¢ will be identified with the radius of AdSs. In terms of
the new coordinates reads

2 2
52 (P71 ¢
ds? = B2 (Z) ! <d52AdS + 7 dszg) : (5.96)
where
2 P2 2 2 2
dSAdS = _ﬁ dT —+ ? dp . (597)

Thus it is evident that the asymptotically conical metrics are conformal to AdSs x 52
where the sphere has radius ¢/ B. This nicely shows that null-geodesics are confined just
like in AdS spacetimes. However this form of the metric is ill-defined for p = 1, thus again
leaving the discussion open for warp factors A ~ 2.

We conclude this section on the note that confinement properties for warp factors A ~ 2
seem to be significantly weaker than for A ~ 7. Indeed it seems unclear whether or not we
can interpret subtracted geometries with A ~ 72 as putting the original black hole in a
confining box. A thorough investigation of the confinement properties for A ~ 7?2 is left
for future study. In particular it would be illuminating to study the radial coordinate of
geodesics, and the corresponding effective potential.

5.9 Hidden Conformal Symmetry

There are several means by which to reveal explicitly the hidden conformal symmetry of
a geometry. As we have pointed out, a precursor is for the scalar wave equation to be
hypergeometric, however, it is instructive as well as clarifying to see explicit evidence. In
[19] they show how the subtracted geometry uplifts to a five-dimensional geometry which
is locally AdSs x S2, and as we mentioned in section , all locally AdS3 spacetimes have
a dual CFT description. Another way to go about it, is to construct the generators of the
rigid conformal transformations SL(2,R)r x SL(2,R)g as in [11]. In [19] they accomplish
this by comparing the Laplacian on global AdSs

evio L5 snh2pa, - o % (5.98)
~ sinh2p ” P cosh?p  sinh?p '

with the Laplacian of the wave equation in the minimally subtracted geometry (/5.31) with
A = A. It is straight forward to check that these Laplacians are identified if we identify the
coordinates as follows

sinh?p =~ (5.99)
Ty —Tr—
27 Br )
o—T=——"—|1t— , 5.100
AL < BHQH¢ ( )
o
o4r=——1 4 (5.101)
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where )

B
2

Br _ m

=il —IL). o =

(I1. + IIs). (5.102)
AdS; is a maximally symmetric spacetime with isometry group SL(2,C) ~ SL(2,R)r x
SL(2,R)g, the generators of these rigid conformal transformations can be represented using
the global coordinates as

Ri =Ry £ iRy = e+ (Fid, + tanh p 9, + coth pd,), (5.103)
R3 = 0; + Oy, (5.104)
L4, L3 are given by R4, Rz with 7 — —7. (5.105)

The generators R; and L; satisfy the SL(2,R) algebra
(i, Gj) = 2ieij(=)" Gy, (5.106)
and the Casimir H? = G + G2 — g§ is precisely the Laplacian 1} Noting that

0o = 5810 + 5= (Br + BL)O, (5.107)
0r = 5804 + 5-(Br — L)%, (5.108)

we see how in the coordinates ¢, r, ¢ we have
1
H? = ?°V? =0,X0, — ~ (Areads + ady)? + 4m* (I, — 115)%97, (5.109)

which is the Laplacian with warp factor A = A. However, due to the periodicity in ¢,
the generators R+ and L4 are globally ill-defined. We may however interpret this in terms of
a thermal CFT on a torus with temperatures T and 77, for which the SL(2,R). x SL(2,R)r
is spontaneously broken down to the U(1)z x U(1)gr subgroup generated by (L3, R3) [11].
In terms of the useful coordinates

tf=L(c+T) (5.110)

we have Ry = i0;", L3 = i0, . Furthermore, we see that the identification ¢ = ¢ + 27 forces

472
th =t + , 5.111
B ( )
Am® PR
tT =t — —. 5.112
Buu BL ( )
For a CFT with left and right temperatures Tr, 77, the fundamental domain reads
tT =T + 4T, (5.113)
tT =t —4n’Ty, (5.114)
from which we read off
1 1
Tr Fr (5.115)

_ LT = PR
BrH L BuQy B

Recalling chapter 4, specifically the Cardy formula that gave the entropy for a unitary

2D CFT on a torus )

S = %(CLTL + CRTR), (5.116)
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we may now wonder whether we could reproduce the entropy (/5.20)

= 2T (01 4 T+ (I — TV — a?) (5.117)

T=r4+ G4

7T~Ared
Gy

via (5.116)) for some central charges cy,cr. Indeed it turns out that for ¢; = cgp = 12J,

where (5.3)
Gu4J = ma(Il, — IL,) (5.118)

gives the correct entropy [19]. This is striking, as it coincides precisely with the central

charge c¢;, = 12.J established in [27]. It would be interesting to see if a similar analysis is

possible for subtracted warp factors A ~ r2.
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6
— Supporting Matter - Static Case ——

In general, the subtracted geometry where Ay has been replaced by A, does not satisfy
the equations of motion. As an example, the Kerr geometry d; = 0 is originally a vacuum
solution. However, when A is replaced by A, this is no longer the case: The Einstein
tensor no longer vanishes. In general any matter whose energy momentum tensor equates
to the Einstein tensor will support the geometry, however, one also needs to ensure that the
matter solves its own equations of motion. It can be challenging to identify matter that both
supports the geometry and solves the matter equations of motion.

To address the situation we begin with a thorough analysis of Einstein’s field equations in
the static case for generic warp factors that only dependent on r. We verify our computations
by checking that the original matter solves its equation of motion and supports the original
geometry. We then move on to establish matter for the minimally subtracted case in section
5.9.3 following [19]. Finally in section 5.9.4 we address the situation for the general class of
warp factors . In particular we find the warp factor A = A2, as the simplest member
of that goes like 72 for large r, in hindsight this is rather obvious (look at equation
(5.53))), finding matter that supports this subtracted geometry is nonetheless instructive and
relevant toward identifying matter for generic warp factors.

6.1 Einstein’s Field Equations

In the absence of rotation, i.e a = 0, the line element (5.5) with functions - is
diagonal and reads

2 _ _7“(7" —2m) o 1/2 dr? 2 .2 2
ds® = BN dt* + A o —am) + do” +sin“0 do” ) . (6.1)
In [19] the warp factor A_depends on r only, but is otherwise unspecified. For the minimally
subtracted warp factor A, this is clearly the case, since then ©(f) is a constant and the
angular term being proportional to a vanishes in the static case. However, the condition of

separability (5.53) in the static case reads

A — 4m2 (I, — T15)%r? + 4mlL; (T, — IL)r + 4m?112]
r2 — 2mr

= 0(0), (6.2)

which still allows for A = A(r,0) when A ~ 72 for large r. Even though there exists
static charged black holes that are not necessarily spherically symmetric [45], in our case
it is safe to assume that the matter content of the action discards this possibility, and we
consider spherically symmetric geometries where necessarily A = A(r). Thus even though
the separability condition allows for A(r,6) generically, we argue that this is unphysical in
the static case, and therefore restrict our discussion to A(r) when a = 0.

Computing the Einstein tensor, with A = ™%V then gives

—r(r — 2m)Gyy = Gog = Si";d’e = (ro,U +1)((r — 2m)d,U +1) (6.3)
Gy = r(r — 2m)eV [G@e + 2r(r —2m) <8r2U - (8TU)2>} (6.4)

99
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In [19] they use the standard orthonormal frame, i.e they make use of the vielbeins

ea/l = |guu|1/25a,ua Guv = Madb ea,uebu (65)

and one finds that the non-zero components of Gy, = G, e, ep” read

Gy = e?Y Gy, G =r(r — 2m)e2UGTT,
o2U o—2U (6.6)
G = G Gy=——-20G
¢~ sin20 ©” = p(r—2m) "

where the hats indicate that these are components in the vielbein basis. In orthonormal
frame we thus have

—Grp = Gy = Gyy = eV (ro.U + 1) ((r — 2m)o,U + 1), (6.7)

Gy = Gy +2¢°Ur(r — 2m) (92U — (0,U)?). (6.8)

Now that we have the LHS of Einstein’s field equations (the Einstein tensor), it remains
to calculate the RHS, i.e the energy-momentum tensor. The energy-momentum tensor is
given by varying the action with respect to the metric. In the static case it turns out to be
sufficient to deal with the truncated (pseudoscalar free) STU Lagrangian, which reads

3 3

! - v - i 0 UV

L= 167G, (R — %Zvumwm — ie %FBVFW _ %e us E:emFMVF i > 7 (6.9)
=1 i=1

where 19 = m1 + 12 + 13, and the action is given by

S = /d4x\/@£. (6.10)

As noted in [2], solutions to the truncated action still have to satisfy the pseudoscalar equa-
tions of motion to be consistent, a requirement that amounts to

—fHij* FONFI 4 10, FI N FF =0, (6.11)

where H;; is the metric on the scalar moduli space, H;; = (hH)=2, ht = 30 and f= 6_%7]0,
see appendix [C.3] Here we are restricting lowercase Latin indices to i, j, k, ... = 1,2,3 while
uppercase cover the full range I,J, K,... = 0,1,2,3, we will stick to this index convention
throughout.

In [2] they solve the constraint by taking F purely magnetic and F° purely electric.
In order to avoid confusion we will put tildes over the dual field strengths. In particular
reference [19] employs purely electric fields, in which case the Lagrangian density reads

3 3

1 ~ . ~ .

L= 167G (R - % E ViV, — ie*nongFOMu _ ieno E :62mFlequ> ’ (6.12)
=1 i=1

where B '
Fi— _emo—2mi , i (6.13)

The dualization prescription is the one that interchanges the Bianchi identity with the equa-
tions of motion for the given field strength. For the moment we stick to F* so that we can
compare with [2].

Having introduced the truncated action, we proceed to compute the energy-momentum
tensor:

2 0SSy

Vgl 09"

T, = (6.14)
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where Sp; is the matter part of the action, given by the terms in the Lagrangian that
depend on the matter, in this case all terms other than R. Keep in mind the relation
68 = [d*a3d 3gh7 S_8g". The variation reads

5 = (/d4 VI L+ VIgloLur) (6.15)
where L) is the matter part of £, and

5/ 19l = =5V 191909, (6.16)

1
0Ly = “30rC (Z 0uniOum; + e "()FOAFO +e M Ze%F“\F)\V> ogh”. (6.17)
4

=1

This amounts to

3
1 Guv 2 - 0\ 10 Guv [ 120\2
05m = 327G, i [2} ( Oy~ 7(87]1') ) Fe (F“ Fox = T(F ) )
1=
- 2n; i\ i Iuv
+e "Oge (B - e () 2) 99" (6.18)
where
(Om:)? = O0umidmi,  (F1)? = FL . (6.19)

Thus the energy momentum tensor reads

3
81G T = [Z (it — 28 (omi)? ) + e (EAED, - 22(F0)2)
=1

e Z o2 (FZLAFix _ gﬂ(pi)2> (6.20)

4

in agreement with [2].

In addition to Einsteins equations we have the equations of motion for the scalar and
vector matter. From the action it follows that they read

3
0=V, Vi + fe ™FD,FO 4 1e7 " e (1 — 26,;) F], FI, (6.21)
j=1
0=V, (e™F™), (6.22)
0=V, (etmpiny, (6.23)

In [19] they consider spherically symmetric matter, i.e 1; = 1;(r), and only electric fields,
as they are implicitly employing F* in place of F*, however they suppress the tildes. The
spherical ansatz for the electric gauge fields thus reads

AP = AO(rydt,  A' = Al(r)dt. (6.24)
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For this kind of matter, the non-zero components of the energy-momentum tensor read

3
87T-G'4T‘tt 1X2 o Z rT) Z 1X€2U <6_n0 (Ft(:“)2 + Z 6"70—2'% (Ftir)2> ’ (625)
i=1
3 1,-2U
8TGuT, = 1 3 (Oym;)? — 4 vl G (FQ)? +Ze’70 i (i) (6.26)
3 ~ .
8rGaToe = =X Y (9rmi)> + je 2 <6n0(Ft()r)2 + ZeTIOQni(FZT)Q) ; (6.27)
i=1 =1

3
8TGsTypy = —1X sin26 Z(&«m)Q + %e_QU sin?6 <e m(F2)? + Z M2 (Fi Y > (6.28)
i=1

In orthonormal frame (indicated by hatted indices), we find

STGyTy; = eV Z (0rmi)? + Te ™ (FD)? 42 =2 (0 )2 (6.29)
=1

8nGyTrp = QUZ mz — fe "o th -3 Zem 21 F’ (6.30)

87GTy; = — 2UZ (0rmi)? + Lemm (FD)? 426"0 i ()2 (6.31)
=1
3 ~

8mGaTy, = —1Xe?Y Z(arni)Q + e () + %Z M2 (F 2, (6.32)
' i=1

It is rather apparent that three of the four non-trivial Einstein equations are linearly
dependent: —Gy = G 3= Gjy- Solving Einstein’s equations for the geometry then boils
down to solving

G5 = 2V Z ;)% + e (Fp)? 426”0 20 (F7) (6.33)
=1
Gy = 2V Z (0rmi)* + Te ™ (FD)? 426770 i (i )2 (6.34)

We can isolate an equation for the scalar matter, and one for the vector matter

(Gpi + Ggg) = 8TGLT", (6.35)
(Gii — Gy5) = STGATF. (6.36)

NI NI

6.2 Matter Supporting the Original Geometry

Before we go on to find the matter that supports the minimally subtracted geometry, let us
verify that

hg 7 2msinhd; cosh dy
hihahs’ b hi ’

e i =

(6.37)

where
h; =7+ 2msinh?6;,  and  i=1,2,3, I=0,i, (6.38)
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is the matter that supports the original geometry with standard warp factor (in the static
case)

3
AO = H h[, UO = —% 10g(h0h1h2h3). (639)

For this warp factor we find

3 3
1 1
1 _ 12U,
3(Gii + Ggg) = 7™ [7"(7“ —2m) ) g 2rmm > 5+ (6.40)
1=0 1=0
1 Y
1 1 2U, 1
LGy — Gyg) = tr(r — 2m)e®™ Z o (Z > . (6.41)
1=0 1=0
The vector matter gives
. 3 s h2 2
. (2m)? sinh?8g cosh?8g (2m)? sinh*§; cosh?9;
TG T = 120 [ - +) T a8 (6.42)
0 i=1 7
Clearly we have
(2m)? sinh?6; cosh?6;  7(r — 2m) ~2(r—m) Ll (6.43)

h? o hr

We thus see that the vector matter supports its "half” of the Einstein equations. It is similarly
straight forward to verify that the scalar matter supports the other "half”.

We note that the equations of motion - change slightly in terms of Fi. Equa-
tion is unaltered while the other two read

3
D e (1 - 26;5) ), FI (6.44)
7=1

0="Y, (dl@*?’%ﬁw) . (6.45)

0=V,Viy + ze ™Fp, FO — 1

6.3 Matter Supporting the Minimally Subtracted Geometry

We proceed to find matter that support the subtracted geometry with the minimally sub-
tracted warp factor A = e Y, keep in mind @ = 0 for the moment. For

Uv=-1 log (( m) [(Hz — Hg)r + 2mH§]) , (6.46)

the equations (6.35| - 6.36) read

2mIl 11 2

1 _2U c's 1 _— 0 2 I

120 |3 = le=m (D) § no=2m: (i) 6.47

o (i ) |~ ‘ (640
A\ (2 —12)r +2miz) — Zi_l v - '

It is easy to see that the differential equation for the scalars n; under the ansatz n; = 7,
implies
n; = C =+ Llog [(II2 — I12)r + 2mII2] (6.49)
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where C' is an integration constant. For the vector equation, we see that we need to be able
to pull out a factor of 2V on the RHS. Recalling that 79 = 11 +12 + 13, we see that a solution

idl]

i = —3 log ((2m)°[(II7 — I13)r + 2mIL3]) , (6.50)

Fl = e amtl — 1, (6.51)
111,

F) = (6.52)

(2m)2[(112 — T12)r + 2mI12]*’

when one chooses C' = —% log [(2m)?].

This matter is not unique, more general matter is given in [2], in terms of magnetic
charges B;, i = (1,2,3). Dualizing the magnetic field strengths of [2] gives us the more
general matter from the electric perspective chosen in [19]:

0 = —5log ((2m)*[(I2 — I2)r + 2mIL2]) + ) log B, (6.53)
i
- L (6.54)
tr — Bi, :
11 11 B1 B2 B
FO — 15253 (6.55)

(2m)2[(I12 — 112)r + 2mII12]?

6.4 Toward Matter for General Warp Factors

We would like to investigate whether or not there can exist matter supporting geometries
with more general warp factors A ~ 12 for large r. Eventually we would like to be even more
specific, and see whether or not we can find matter supporting a A ~ r? whose NHEK limit
coincides with the NHEK limit on Aq (recall our discussion from section [5.7). In order to
investigate the latter, we inevitably need to consider the case with rotation, which is more
complex. To start off with, we therefore stick to the simpler static case and try our luck with

the general warp factors (5.71) when a = 0:
A = (2m)*[(TI2 — TI2)r 4 2mIT2] + 7(r — 2m)O(9). (6.56)

Indeed, when O(0) is angularly dependent, the warp factor necessarily depends on 6 as
well. This is incompatible with a static and stationary black hole, which (as we pointed out
at the beginning of section is necessarily spherically symmetric. Thus in the static case
we are naturally restricted to ® = ©¢ a constant.

It is not difficult to see that for the general constant © = g, the angular equation
simplifies to the familiar spherically symmetry form. Furthermore A = A(r), i.e
only depends on the radial coordinate, implying that the non-vanishing components of the

Finstein tensor are again - now with
U = —]log ((2m)*[(T12 — T13)r + 2mI1Z] + Oy r(r — 2m)) . (6.57)

Using a spherical ansatz for the matter, finding matter again boils down to solving (6.33| -
6.34) of which the linear combinations

(Gpi + Ggg) = 8TGLTE", (6.58)
(G — Ggg) = 8rGT™™, (6.59)

[ NI

'There is a slight typo in the expression for the scalar fields n; in [19)].
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are nicer to consider.
Employing (6.57)) the LHSs evaluate to

1,U 2
((zm)3[(ng 1) 2m T 5 Oy r(r 2m)> 368 —2m)°

+2(2m)300(r — m)[(I2 — T2)r? + dmIl2(r — m)] — (2m)8H§H§] ., (6.60)

and after dividing the scalar equation by %X €2V its LHS reads

1 2
((2m)3[(H% —T2)r + 2mli2] + O r(r — 2m>> (63 (r(r — 2m) + 3m?)
+ (2m)* € [(I12 ~ 2)r — (312 + T2)m] + 4(2m)° (M2 ~T2)%|. (6.61)

We now have numerators on the LHS that are no longer constants depending on the
black hole parameters, as they were for A = A, instead we have quadratic polynomials in
r. When setting ©y = 0 the above match with the LHSs of - as they should.
After dividing the scalar equation by €2V, the RHSs of both vector and scalar equations are
independent of the warp factor, and are thus identical to the RHSs of - .

6.5 The Warp Factor A_ = A% ; and its Matter

As corroborated by the ansatz 7; = 7, for which the RHS of the scalar equation reads
3(0,n)?, it would be advantageous to have the LHS of the scalar equation be the square of
some function, say F2(r). This would give a particularly clean linear ODE after taking the
root:

F(r) = 30,m;. (6.62)

Collecting powers of r in the numerator of (6.61))

©5 r* +2m O ((2m)* (I — I13) — Og)r + 3m*O}
— 8m* Oy (3112 + I12) + 3(2m)5 (112 — 112)?, (6.63)

we find that for special ©:
Op(x) = 4m* (Il +11,)? (6.64)

the polynomial is a complete square, thus providing our sought after simplification for the
scalar equation. For ©g() the warp factor reads

Ay = 4m? (T, + T)r F 2mll,)° = 40 (6.65)

and the Einstein equations for the matter simplify greatly

8m2ILII >
1 (g5 M) Sl A eI (666)
1 (T, + T)r 5 2m11,)* ) v Z; t
I, + I, 2 )
<(HC + Hs)r + 2mHs> B Z(arm) ‘ (6'67)

i=1

Inspecting the vector equation, wee see that the possible minus sign in front of the second
term on the LHS could give rise to an imaginary field strength depending on the sign of
II;. Clearly if II; > 0 we should choose A_, while if II; < 0 we should choose AL to
avoid imaginary field strengths. We also note that A_ = Afed and thus trivially ensures
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separability of the wave equation. Note also that ( are expressions valid in the static
case only, when a # 0 the warp factor A_ still 001nc1des with .Ared, however, A acquires
angular dependence

AL = 4mQ((HC + II)r — 2mH5)2 + 16m>I1I1sa? cos6. (6.68)

We shall finish off this section by finding matter that supports the subtracted geometry
with warp factor A_ in the static case. To start off our search for matter, we employ the
same simplifying ansatz as was done in [19], namely

m =mnz2=mn3=n(r). (6.69)

Under this ansatz, the scalar equation simplifies to a linear ODE, which is easily integrated.
Choosing integration constan —%\/glog(Qm), the solution reads (up to a sign)

= —1v3log ((2m)? (I, — T)r + 2mIL,]*) = 2v/3U_. (6.70)

When we now attempt to identify possible field strengths for the vector matter, we run into
problems that seem to be related to the irrational factor v/3. It seems that the easies way to
avoid an irrational factor is to employ the alternative ansatz n; = n(r) and 72,73 constants.
This works out, but we will not carry it out in detail, instead we draw from the work done
in [2].

In [2] a four-parameter family is constructed that is a solution to the STU model with
truncated Lagrangian , that is, it is a family of static black holes. This family contains
both the original and the minimally subtracted geometries of [19], but also warp factors that
go like 72 for large r. Maybe some of these warp factors are separable, and perhaps one
coincides with A_.

For clarity we display the parameterization of the warp factor in the family studied in [2]

J/ 2323232 2
A= qO H “\f/rﬂ (6.71)
1+ aI

here gy and Bj, By, B3 are respectively an electric and three magnetic charges, and ay, I =
0,1,2,3,4 are the four parameters. We provide a derivation of this family in chapter
It is now rather straight forward to see that for

IT, — Il

M azg =az3 =0 (6.72)

aozalz

and
4 I
= —16m

B1BaB3’

(6.73)

one has

IR2 232
A Wnalr—i—%fc_4m2((HC_Hs)r+2mHs)2, (6.74)

(2m)* 1+ a2

which is precisely the subtracted warp factor A_ given in (6.65). This is strikingly similar
to the a’s that give the minimally subtracted warp factor in [2], and we note that the charge
qo matches precisely, take a look at .

With a’s defined in (6.72), the scalar matter is readily transcribed from [2], specifically

the equations (7.51|-|7.54)), and reads
m = —1Llog <4m2((Hc L)+ 2mHs)2> + log(B2Bs), (6.75)

n2 = — 1 1og(16m*ILI1,) + log(B) B), (6.76)
13 = —110g(16m*TLI1,) + log(B; By). (6.77)
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Similarly the vector matter reads?|

16m* 1111, s

Fy = : (6.78)
q0
16mATIIT
FL = % eAU- (6.79)
1
1 1
2 — — F3 = 6.80
tr BQ’ tr B3 ( )

We got the electric F¥’s by dualizing the magnetic fields of [2]. Equation was
explicitly checked and found to hold for these field strengths, clearly the scalars solve (6.67)).
Furthermore, all the equations of motion were found to hold. This is not surprising as this
particular matter and geometry is a member of the four-parameter family studied in [2].

Here we took a close look at A_ = .Afod in particular, however we could also have
considered A, for which one equally well can find matter using the interpolating solution of
[2]. Indeed in this case one gets Ay for a’s

.+ 11
apgp = a1 = —%, a2 = asz = 0. (6.81)
s

6.6 Matter for General Warp Factors

It is instructive to work the other way around, i.e start with the family of warp factors (6.71]),
and see what constraints imposes on the a’s. This will turn out to give us a larger
class of warp factors for which one has supporting matter given by the interpolating solution
of [2].

We first note that imposing A ~ r? for large r amounts to forcing two of the parameters
in to be zero. Without loss of generality, let us consider the case

ag 7é 0, al 7& 0, as = a3z = 0, (6.82)

then (6.71]) reads
A V@B?B3B? (a3r + 2m)(a3r + 2m) (6.83)
4m? VI +ag)(1+ap)

Comparing this with 1D and recall A = e*V, we find that imposing separability and a
hypergeometric radial equation restricts the four-parameters ag and a; via three equations

2
4m?0y = ata? @ , 6.84
0= 1\/<1+a3><1+a%> (654
4 HQ H2 2@ 2 2 Q2
16 — -4 = 6.85
m ( c s) m 0 <a0+al) (1+ag)(1+a%>7 ( )
2
16miII? = @ , 6.86
\/(1+a%)(1+a%) (6.86)
where
Q = qoB1B2Bs. (6.87)

Treating ag, a1 and @ as unknowns, we proceed to solve in terms of Qg, Il II; and m.

2We note that there is also the more compact way to write the field strengths F*: Ff. = B; e m0+2mi+2U—
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Adding the three equations (6.84] - 6.86|) we find

16m T2 = /Q2(1 + a2)(1 + a?). (6.88)

Utilizing this relation we eliminate ) from the first two equations. Suitable linear combina-
tions of these and a bit of manipulation gives

©o
T = aga?, (6.89)
I
= (1+ad)(1+a?). (6.90)

Using the first of these to eliminate either ag or a; from the last equation, we get a quadratic
equation for respectively a? and a%. Since ag and a; appear on equal footing, we get the
same quadratic equation

12 — 112 ) C)
4 0 2 0 o .
a; — < c : s _ I QHE) a; + I 0, 1 =0,1. (6.91)

The solutions read

1 /12 — 112 e} 1 /TI2 + 112 S} 2 om
(@)s = ("o = s ) £ [ s o — <. (6.92)
2 112 Am2112 4 112 Am2112 112

Thus given a Og we can find a’s and a Q) via that produce the subtracted warp factor
(6.57) via (6.71). Most significantly, for any warp factors there exists matter that
supports it [2], given explicitly by the parameters a; and the charges baked into Q.

As is easily checked, when plugging ©g(4) into the square root term vanishes, thus
we drop the + label on the a? in this particular case and find

I | PR
Oo(+) I 7 ’

Clearly a; for ©g_) and ©g(4) coincide with (6.81)) and (6.72) respectively up to an overall
sign. We furthermore observe that when II; > 0, the a; corresponding to Oy are strictly

imaginary, while the a; for ©g(_) are strictly real, and vice versa when II; < 0. Furthermore
we note the general observation that (a%)i are only strictly real provided that

2

2

I - TI,

a =
60(—1) Hs

(6.93)

O < 4m*(Il. +11,)? = O, (6.94)

The main result here, is that we have found that a significant sub-class of the warp factors
are supported by the matter presented in the family of solutions in [2]. Furthermore,
the bound suggests that it is only when Qg satisfies that we have sensible matter
supporting the geometry. It would be interesting to investigate the properties of the matter
when ©¢ does not satisfy , we defer this to future work.

Recall section where we found a class of warp factors Axugk:4 for which the NHEK
limit coincided with the NHEK limit on Ag. In particular the corresponding ©’s are given
by which reads © = Am? when a = 0. Now the bound suggests that we should
restrict to A < 4. Furthermore the case A = 4 might be of particular interest since such a ©
coincides with A_ for non-charged and static geometries; with 6; = 0 and a = 0.
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Irrelevant Deformations

In sections |6.5| and we made use of the four-parameter family of solutions whose warp
factors read (6.71). This family is derived in [2], where the Einstein equations and matter
equations of motion are diagonalized and solved explicitly. In this chapter we go through the
steps of [2] that lead to the four-parameter family. We will also focus on the core analysis of
that paper, namely the identification of irrelevant operators in a 2D CFT that are dual to
the sources that start the flow from the minimally subtracted static geometry to the original
static geometry. Furthermore we will extend parts of this analysis to the case A ~ r? by
repeating a similar analysis for A_ = A2 .

7.1 The Static Four-Parameter Family

Since we are restricting to the static case, we again deal with the truncated Lagrangian ,
and the relevant action reads

1
2K2

3
R— e ™Fp, F — LN " (V,m; Vi + §e* 0 FL Fikv)
i=1

S = d*z\/|g| (7.1)

Note that in order to satisfy the original constraint h'h?h3 = 1, the new scalars are con-
strained by

Mo ="M + 2+ n3, (7.2)
see appendix
The equations of motion read
3
1 o
0=V,V'ni+ 4 [e—"OFSVFOW +ey (1 zaij)eZ”ngwFW] : (7.3)
j=1
0=V, (e ™F™"), (7.4)

Vi (
v, (6—770+2771:FWV)

)

Guw = %Z (mem - %guuVAmVAm) +3e7" (FSPFBP - ing/(\)pFOAp>
=1

3
+1em > e (FirE, - Lgu B, ™). (7.6)
i=1
Since we are dealing with the static case, we employ a spherically symmetric ansatz for the
metric. In addition, to fulfill the constraint equation (6.11)), we adopt an electric ansatz for
FY and a magnetic ansatz for F* [2]. The ansatz reads

2
ds? — — GA%) dt2 + \/A(r) ( )?Zr) +de? + )G(é:)) sin2 d¢2> : (7.7)
A® = AV(r) dt, (7.8)
A" = B, cos0dg, .
i = mi(r), (7.10)

69
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where the constants B?,i = 1,2, 3 are the magnetic charges. We note that the ansatz for the
metric is identical to with vanishing angular momentum (a = 0).

The functions G(r), X (r) and A?(r) are for the moment arbitrary, and will be fixed as we
go along. A constraint between G and X can already be inferred from the (r, ) component
of (7.6), which is seen to imply

cosf ([ X'G—-XG
~ 2sind ( XG ) =0 (7.11)
where primes denote differentiation with respect to r, from which it follows that
G =X, (7.12)

for some constant v. Plugging this back into the ansatz one finds a further constraint on
X". This can be seen after writing out (7.6) for G, and Ggg. Indeed (7.6)) only comprises 4
non-trivial equations:

3 3
Gy = _%gttgrr (67"771')2 + %e_nogrr(FSt)Q - %e_nogttgeeg(é(b Z ezm(ng))Q’ (7'13)
=1 =1
3 3 )
Grr = i Z r777, 1einogtt(F79t)2 - iefnogTTQGG.gdxi) Z €2m (Féqb)Qa (714)
=1 =1
3
G = _igeegrr (67'771')2 - %e—nogeegrrgtt(FO e~ ¢¢ Z 62771 FZ (7.15)
=1

3
Gos = —29s69™ Y (0rmi)? — e ™ gu09™ " (FS)? + ie*%nge?m(zrg(ﬁ)?. (7.16)
i=1 i=1
The RHSs were evaluated using the fact that the metric is diagonal, that F = —Fp. and

Fg o= —Fqia are the only non-vanishing components of the field strengths, and that the scalars
n;(r) only depend on r. The Einstein tensor was computed and the non-zero components

read
_Lﬂ 2 N2 " I Al
Gu = —15 A [—16A X(A") +8XA"A +4X'A'A], (7.17)
1
Gy = % [—16A% — X(A")? + 4X'A'A], (7.18)
Goo = 5 37 [~ X (&) — 802X 44X A (7.19)
| sin?0 9 9
Gyp = 16 AT, [—X(A)? —8A*X" + 4X'N'A] . (7.20)

Notably X" only appears in (7.19|-7.20). Using that the metric is diagonal we see from

(7-14) and (7.15) that

Grr + 9% g Gog = 0. (7.21)
Using and , this constraint reads
8A%X" —16A% = 0, (7.22)
and hence
X" =2. (7.23)

Therefore without loss of generality G and X are fixed to

G=X=r>-2mr (7.24)
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The function A?(r), or rather FY, is fixed by (7.4)). Using 19 = no(r), and employing the
ansatz for F we find

V(e FO) = — . poe= M FOrt 4 =0 (aTFW + T FOV 4 FZAFO’“) . (7.25)

The last term inside the parenthesis vanishes since the connection is symmetric while FY is
antisymmetric. Furthermore, computing the middle term yields
A/
FZ}\FO/\V — %gul/argHVFOTt — %KFOT't. (726)
Upon lowering of the indices on FY, which only changes the equation by an overall sign, the
equation amounts to

8. F% — 9, (no - 1og(\/5)) F =0, (7.27)

which gives
e,r]O

VA
where qq is the integration constant. Note that the equation for F? is solved by the ansatz
(7.9), and does not require any adjustment.

With the arbitrary functions of the ansatz now fixed, we recast the non-trivial equations

of motion (7.3) and (7.6). We start with the scalar equation (7.3). The first term is easily
computed using that ¢"" = X/vA

Fyy = o (7.28)

1 (r(r = 2m)n))’
V.Vt = —0,.(v/—99" 0 )i = ————. 7.29
The contractions of the F's read
0 10 tt (0 \2 26277O
F#VF o= 29”9 (Frt) = _2q0T7 (730)
and noting that ng5 = —B;sinf
L 00 - B2
Fl = 26" g0 (Fj )% = 2 (7.31)
Substituting these into (7.3) yields
n/ e’ 2 & S 2(no—n;) g2
0= (r(r—2m)n;)) — —— + 20,5 — 1)e V07 B | 7.32
( ( )77) 2\/Z qO ]Z_;( J ) 7 ( )

Finally we take a closer look at , which written out reads on the RHS - ,
and on the LHS -[7.20). Given v = 1 and X” = 2, it is straight forward to see that
— are degenerate. We can therefore reduce from 4 to 2 equations, and following the
paper, we choose the (r,7) component and a linear combination of (¢,¢) and (¢, ¢), namely

3
9" 966Gt + Goo = —39009™ )_(0ri)*. (7.33)
i=1

Thus the four equations (7.6) reduce to the following two equations

A'N? 2r—m) A 4 p 2 2
0= <2A> - r(r —2m) A + r(r —2m) + (771) + (772) + (773)
6770 3
— @+ D e B2 (7.34)

r(r — 2m)vVA

=1
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and
A// A/ 9 9 9
0="F-7 <A> + ()" + (m3)” + (n3)” (7.35)
In total we now have five coupled non-linear differential equations; three in (7.32)) and the

above two. Quite remarkably, it turns out that we can diagonalize this set of equations. In
[2] they simply introduce the fields ¢g, ¢;

A

¢o = % log <m4> =M =12 — N3, (7.36)
1 A

¢1 = 5 log i) m +1n2 + 13, (7.37)
1 A

¢2 = 5 log oo +n1 —m2 + 73, (7.38)
1 A

¢3 =3 log m + 1+ 1m2 — 13, (739)

in terms of which the equations are diagonalized.
One way realize this is by subtracting (7.35)) from (7.34)), which gets rid of the (772)2 terms.
After multiplying by an overall factor of r(r — 2m) the resulting equation reads
A o
—2(r—m)— +4-— ¢

A/ 2 A
<A> N AT A
Furthermore, the three first terms in (7.40) can be compactly written in a form similar to

the first term in . Using this to rewrite the equation, and multiplying by an overall
factor of —5, we arrive at

/

0=r(r—2m) @+ Z e 2= g2\ (7.40)

=1

0= <r(r — 2m)(% log(aQA))/)/ + 23: e 2m—mi) g2 | (7.41)
i=1
where « is some unspecified constant. To ease the reading, we reproduce
n/ e’ 2 & —2(no—n;) P2
0= (r(r—2m)ny;) — 3/A % + ;(2% —1)e 20 2| | (7.42)
We now see that it is tempting to try with fields of the form
¢ =Co- 3log(a?A) +C1-m +Co-m2+Cs -3 (7.43)

where Cy, C1,C5,C3 are constants to be specified. The differential equations, in terms of
these new fields, are then linear combinations (specified by the C’s) of (7.41) and the three
equations that comprise (7.32). This gives equations for the ¢’s of the form

0= (r(r—2m)¢) +---. (7.44)

We need to tune the constants (C’s) in such a way that we can express --- completely in
terms of the ¢’s and the charges qo, B;. Writing it out, we find

= agd(Cy— C1 — Co — C3) exp{—3 log(a®A) + m + 1 + 13}

+ 2aB}(Cy — Cy + Co + C3) exp{—3 log(a®*A) + m — 12 — 13}
+ 1aB3(Co + C1 — O + C3) exp{—3 log(a®A) — m1 + 12 — 3} (7.45)
+ % (Co +C1 + Cy — Cs) exp{—% log(oﬂA) m—n2+n3}

— 2Ch.
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Clearly, if we wish to write the above in terms of ¢, ¢ must satisfy
¢ ~ Llog(a®A). (7.46)

In general the linear combination of terms appearing in the exponentials must be proportional
to the ¢’s or else diagonalization is not possible. We see to our relief that the fields in the
exponents are all linearly independent, and furthermore, that the C’s corresponding to a
given exponent, ensure that the prefactors in front of the others vanish.

To clarify, focusing our attention on the first term in , where all n’s come with the
same positive weight, the exponent is identical to the ¢ with C; = Cy = C3 = —CY, which is
a constraint which simultaneously ensures that the other three terms vanish. Thus, setting
o = 1/m? for dimensional reasons, we have found the ¢’s of - that diagonalize
the set of coupled non-linear differential equations.

From all this work we can easily read off the new decoupled equations

0= (r(r —2m)ey(r))" +2 (T(fie%"") - 1) : (7.47)
0= (r(r —2m)ei(r)) +2 (ﬁ —9ilr) _ ) (7.48)

Solutions to these equations give us solutions n;(r), A(r), and F°(r) given by ( - that
solve the non-linear equations that we started with.

In [2] they have obtained general solutions to these decoupled equations involving two
integration constants. Of those solutions only a specific subset are found to be regular at
the horizon, effectively fixing one of the integration constants. The regular solutions read

2 (2 2

reg ¢ (agr +2m) 7 49

0i%(r) = log | 2 (L] (7.49)
Bi2 (a?r + 2m)2

4m*  1+a?

¢; o (r) = log [ (7.50)

Here ag and a; are the four integration constants that parametrize the family of static black
hole solutions. The solutions in terms of 7; and A read

VEBIBIB: 2
A(r) = Y40 H ajr +2m (7.51)

4
16m /1 + al

om@) _ | B2Bs| [(1+ag)(1+af) (a3r + 2m)(a3r + 2m)
et = : (7.52)

qoB1 (1+a3)(1+ a3) (a@r +2m)(a2r 4+ 2m)

oy _ | BaBi| [(1+ad)(1 + a3) (a3r + 2m)(afr + 2m)
€ = , (7.53)

qo B2 (1+a?)(1+ a?) (adr + 2m)(a3r + 2m)

ons(r) _ | BiBa| [(1+ad)(1 + a3) (afr + 2m)(a3r + 2m)
e = (7.54)

qoBs3 (14 a2)(1+ a?) (adr + 2m)(a3r + 2m)

7.2 Interpolating: Subtracted and Original Geometry

The main feature of the four-parameter family of solutions -[7.54), is that it contains
both the original and the subtracted geometries of [19]. Comparing with , it is
easy to see that in the static case the warp factor coincides with the original warp
factor (5.9) when

. 1 . .
0¥ = e = msih(20), B =msinns).  (7.59)
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Similarly one readily obtains the minimal warp factor in the static case (5.56)) when

[TI2 — 112 16mATL.I1
subt c s subt subt ctls
=, /== subt — ) = ¢ 7.56
0 m @i ’ K B1ByBs (7.56)

Furthermore, as indicated in [2] figure 1 and our own version figure 7.1, these geometries
are smoothly connected in parameter space: By dialing the aj’s, this family of solutions
interpolates between the original and the subtracted geometries of [19]. It is also apparent
from that there exist choices of a; that give warp factors A ~ r2. We made us of this
in sections [6.5] - to identify matter supporting the subtracted geometry with warp factor
A_= Afed, recall the choices and respectively coinciding with A_ and A,.

4.0

3.5

3.0 +

25

dlog A
dlogr 2.0

00 1 ! ! ! ! !
10° 102 104 106 108 1010

Figure 7.1: Log plot of ‘illf; gg f for the warp factors 1' The thick lines leveling out to

2.0 and 1.0 for large r show respectively the behavior of general A ~ r2 and
the minimal warp factor A. The curves departing from the thicker ones show
the behavior of the original warp factor Ay where successive curves to the right
correspond to smaller values of a;. Specifically we have for the curves departing
the upper solid line ¢ = 2,3 and for the lower ¢ = 1,2,3. From it is
apparent that the original warp factor and subtracted warp factors agree over
a broader range as the magnetic charges are increased (Bs, Bz for A ~ r? and
By, By, Bs for A ~ r). This figure is an adaptation of figure 1. in [2]

7.3 Irrelevant Deformations: Summary of the Procedure

In [2] the sources that turn on the flow to the original geometry are found to correspond
to irrelevant operators in a CFT dual to the theory. To arrive at this conclusion, the 4D
theory is uplifted to 5D using that the STU model is obtainable by dimensional reduction
of a Lagrangian that we denote L5, see appendix [Cl The 4D subtracted solution is found
to uplift to a geometry that asymptotes to AdSzxS? allowing for the standard application
of the AdS/CFT correspondence. Firstly though the AdSs part is isolated by dimensionally
reducing over S2.

A consistent Kaluza-Klein reduction is performed giving rise to a 3D theory with scalar
content ¥(z), ®(x),U(x) where x = (r,t,z). The 3D equations of motion simplify when
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considering constant scalars. In particular Einstein’s field equations simplify allowing for
the identification of an effective cosmological constant, thus the space-time is found to be
locally AdSs. Furthermore, crucially, there is a unique solution for the values of the fields
V. ® and U that coincide with the subtracted solution. Finally linearizing the bulk fields
around this subtracted solution one finds that the perturbations §F are all solutions to the
same equation, and using the dictionary of AdS/CFT, these perturbations are found to be
irrelevant operators of the dual CFT with conformal dimension A = 4.

In the sections that follow we reproduce some of the main results of 2] going into a
little more detail in the analysis. We start with the linearized analysis, that is a study of
the equations - for perturbations around the subtracted fields corresponding to
the subtracted geometry and matter. The resulting differential equations for the linearized
perturbations are solvable analytically. Thereafter the sources that turn on these linear
perturbations are found by expanding the fields around the subtracted solution in terms of
the parameters ay. From comparing the results of the linearized analysis and the perturbation
in a; one identifies the sources. The remaining sections then cover the uplift and subsequent
reduction that give the sources a 3D interpretation, and finally dual CFT operators, that
are found to be irrelevant deformations. At the very end we repeat the analysis of sections
and [7.5] for the subtracted geometry with A_.

7.4 Linearized Analysis for A

In terms of the fields ¢;, I = 0, 1, 2, 3 that diagonalize the non-linear equations of motion (7.47
- [7.48), linearization is simple. We would like to linearize around the minimally subtracted
solution following (2], i.e consider

o1 = 7™ + 691, (7.57)

where d¢; are the linearized perturbations. Plugging such a ¢; into the decoupled equations

of motion (7.47|-7.48)) gives

2323232
r(r —2m)dgp+2(r —m)dg, — 2%5@) =0, (7.58)
r(r —2m)de! +2(r — m)dg; — 26¢; = 0. (7.59)

We start deriving the first of these. Plugging ¢g = d)%“bt ~+ d¢g into 1D and using that

Subt is a solution gives

2 2 Su
r(r = 2m)5gf + 2(r —m)dgh — ~Se 590 = 0. (7.60)

Plugging in the explicit expression for gb[s)ubt gives

9 2 u 1 subt )2
ige_‘f’o "= 4m? —:t(ao ) 5 (7.61)
m ((ag™®)2r + 2)
Comparing with (7.51) and noting that for the minimally subtracted geometry only a%ubt %
0, we can write the above in terms of the subtracted warp factor and the charges of the
subtracted geometry. We find
2 P2 P2 P2
q5BiB5B
r(r —2m)dgy + 2(r — m)dd(, — 2%5% =0, (7.62)
where it is understood that the charges and the warp factor are those corresponding to the
minimally subtracted geometry.
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Similarly, plugging ¢; = qﬁi‘“bt + d¢; into lb gives

2
r(r —2m)dg! + 2(r — m)de; — @e*@mé@ = 0. (7.63)

m2

subt

The prefactor in the last term is simpler this time, since ;""" = 0. It reduces to a factor of

1, and we have
r(r —2m)ég! + 2(r — m)de; — 25¢; = 0. (7.64)

The linearized equations (7.58| - 7.59) simplify in terms of a new radial coordinate
x=r/m-—1, (7.65)

for which (letting primes denote differentiation with respect to the argument)

1 1
8¢/ (r) = Eé(f)’(x), §¢"(r) = W{Sgﬁ)"(x), (7.66)
and we find that (7.59) is a Legendre equation
(1 — 22)6¢ (x) — 2209} (x) 4+ 20¢;(x) = 0. (7.67)
The general solution is well known and reads
1
56 (x) = auz + B; <”; log (1 fi) - 1> , (7.68)

where a; and (; are real constants. The attentive reader may note however that the sign
of the argument of the logarithm is opposite of that given in 2] (typo). This has no effect
however, as they set 8; = 0 to impose regularity of the solutions at £ = 1 corresponding to
the horizon r = 2m. Going back to the original radial coordinate r we have thus

36i(r) = (% - 1) . (7.69)

After the same change of variable (7.58)) reads

111, 2
(1 — 2y (x) — 2200y (x) + 8 ((H% T )+ 21_@) do(x). (7.70)
The last term can be simplified by introducing
12 — 112 I12 + I12
b= ———=| c= g, (7.71)
2+/211 11, 221111,
and we end up with
1
The solution that is regular at the horizon reads
b I12 + I12)r — 2mII2
60(z) = an il — g tlle £ I — 2rell, (773

br+c aO(Hg — 112)r + 2mII2
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7.5 Perturbation Theory around A - Identifying Sources

In [2] they linearize the solution ¢; around the values a5, in order to identify the sources

that start the flow. Starting with ¢; and linearizing around a? = 0 they find
6= o7 +a? (- —1) +-oe, (7.74)
m

and recognize the second term on the right-hand side as corresponding to the linearized
perturbation that we found in the previous section. This is found by a Taylor expansion of

B? (a2r + 2m)?
2 (agr +2m) }7 (7.75)

; = lo
¢i = log [ It 1+a?
around a? = 0. Continuing to higher orders, one readily notices that all higher order terms
will not be linear in r, therefore by comparison with the previous section (7.69)) we establish
1

o = (a?rlg)2 — R (776)
i

For ¢q, the Taylor expansion of

2 (2 2
g (agr+2m)
b0 = log [ (7.77)
4m* 14 a3
around a3 = (a™*)? gives

12 [ (T2 4 2)7 — 2mI12

__ subt 2 . subt\2y's c s s
60 = 8™ + (6~ (@™ s |t g (7.78)

Noting again that none of the higher order terms are proportional to 7, leads us via compar-
ison with (7.73)) to conclude that the source reads
ig\2 bt\2 113
ori; 5
op = ((ao £) — (ag™") )H—‘; (7.79)
(&
These sources are not in general infinitesimal, however they become infinitesimal in the
limit of large charges §;. In this limit the sources take on simpler forms. It is easy to see
from

1

o = m (7.80)
that in the limit where the three charges are all large
sinh?§; = i(em +e Py o)~ ie%i — q; ~ de 20, (7.81)
For the sources oy we have
2 _ 172 2
w0~ (o~ 1) (782
_ sinh?6; sinh?d, sinh?d5 1 (7.83)

cosh?8y cosh?8y cosh?d5 B

3
~ e .
4 26; 7.84
i=1

here Jg is kept fixed while the other three charges §; > g, where i = 1,2, 3.
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7.6 Kaluza-Klein Reduction

The realization is essentially the one that the STU model being considered is obtainable by
dimensionally reducing the 5D theory (see appendix |C|) with Lagrangian

L5=Rsxs 1 — LH;; x5 dh' AdhI — SHyjxs F'NFI 4 1Oy FP N FI N AR, (7.85)

where H;; and Cjj; are defined as previously. The 5D line element is related to the 4D line
element by the Kaluza-Klein (KK) ansatz

ds? = f2(dz + A")? + f~1ds3, (7.86)
and the 5D vector fields related to the 4D pseudo scalars and vector fields via
A' = xi(dz 4+ A%) + A°. (7.87)

This allows for the uplifting of the 4D geometry and matter fields to 5D, explicitly we have
the 5D line element reading

dr G o no
ds? = e3 VA (X — ZdtQ 7x (dz + A0)2> + e VAds?(S?). (7.88)
7]0

For the minimally subtracted geometry on has e = A~Y/2 and as shown in [19] the 5D line
element is locally of the form AdSz x S2.
Following [2] we proceed to reduce from the 5D theory to a 3D theory choosing a KK

ansatz reading

ds? = dsZ g (M) + 2V ds?(Y), (7.89)
F' = —B;sin0 db A do, (7.90)
U = ¥(x), (7.91)
d = d(x), (7.92)

where M denotes the (2 + 1)-dimensional external manifold with coordinates = = {r,t,z}
and Y represents the two-sphere of radius ¢g with coordinates y = {0, ¢}. It is furthermore
assumed that A" has no legs on the two-sphere (i.e it is purely electric). The orientation is
chosen such that the volume form of the internal two-sphere reads

voly = (% sin @ df A d¢. (7.93)

The explicit calculations can be found in appendix [El we find that the five-dimensional scalar
equations of motion reduce to the three-dimensional equations

5HZZ

B?
0 = d(x3d¥) + 2dU A x3d¥ — eV Z vols, (7.94)
B? 6H“
0 = d(43d®) + 2dU A x3d® — L4V Z (7.95)
oo
Similarly, the Einstein equations reduce to
Ray, =2(Vp VU + V,UVU)
B?
VQ\IIVG‘I/ + VQ(I)VG 377abe_4UZ £4 ’L’L \I/ (b) (796)

=1
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and
e—2U
VoV + 2V, UVU — + 1 Z H,, =0, (7.97)

where and stem from the components of the Elnstein equations in M and Y
respectively.

Finally from the fact that all reference to the internal two-sphere drops out, we see that
the reduction is indeed consistent. Furthermore as noted in [2], the equations of motion (7.94

-7.97) can be derived from the string frame action

3
B2
3 2U 1_—4U i
Sstring = 167rG /d x+\/|gle [R+ 62 e " —s5e ;%H
+2(VU)? = 5(VI)? - §(V<I>)2]. (7.98)
In order to pass to Einstein frame, the metric is simply rescaled by the transformation
d5%sing(M) = e~V dst) (M), (7.99)
which implies that
Vgl = e lgm); (7.100)
and that
R=e"V [Rp) +80mU — 8(VmU)?] . (7.101)
From this it follows that the effective action in Einstein frame reads
3
1 3 2 v 1 -su\~Bi
Sy = 167G /d z7\/19(E)| |:R(E) + ge — g€ 2 g iW(V, ®)

7.7 Explicit Expressions for the 3D Fields

We now derive the results found in appendix A.3 of [2]; the explicit expressions for the scalars
h' apparent in both the 5D and the 3D equations of motion, as well as the expressions for
the 3D fields U, ¥ and ®. We begin by casting the fields A’ in terms of the fields ¢; that
diagonalize the coupled equations.

From

hi = g3 (7.103)
and from - one readily finds
h' = exp [3(201 — ¢2 — 83)] ,
h? = exp (202 — ¢1 — ¢3)]
h? = exp [ (263 — ¢1 — ¢2)] - (7.104)
Plugging in the regular solutions one then finds

hl(r)—< B ¢<1+a3><1+a§> (afr + 2m)? >”3
_ )

| B2 Bs| 1+ a? (a3r + 2m)(a3r + 2m
1/3
| B1 Bs| 1+ a3 (a3r + 2m)(a3r + 2m) ’

1/3
Wiy (B VA (@rrom? )
-\ |B1By| 1+ a3 (a?r 4+ 2m)(a3r + 2m) '
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Next we consider the 3D fields. Staring with U, we deduce from the KK ansatz (7.89)
and the general form of the 5D line element (7.86]) that

VA
U= e”0/372. (7.106)
Now from (7.36|-[7.39) we find
= +(¢1+ ¢2 + ¢3) + log(m/Ls) (7.107)
and plugging in the regular solutions (7.50) we find
1 a2 o2 o2
U(r) = 3log ( +1> <2r+1> <r+ 1> (7.108)
VO )+ ag) \2m” 2m 2m

We will not bother going through the other fields, the procedure is very similar, and the
results can be found in appendix A.3 of [2].

7.8 Subtracted Solution for 3D Fields

The subtracted solution is the member of the general family of solutions with a; = 0. We will
simply note down the form that the fields h’ and U take on in this case. We find plugging
a; = 0 into the findings of the previous section that

1/3 1/3 1/3
h1:< By >/ h2:< B3 >/ h3:< By >/ (7.109)
| Bo B3| ’ | By B3| ’ | By By ’
and
U=0. (7.110)

Plugging this into the 3D equation of motion for U gives the relation
3
(3 =3%> BlHj, (7.111)
i=1

which given H;; = (h%)~2 gives the result
(g = (B1ByB3)'/3. (7.112)

We see now that the term

2
ﬁe*‘? e~8U Z H (T, D) (7.113)

in equation (7.102) is constant for the subtracted solution, and as in [2|, dubbing this con-
stant —2A.g, we see that the subtracted geometry is a solution to Einstein’s equations with
an effective cosmological constant Agg. All solutions of Einstein’s equations with negative
cosmological constant in three-dimensions are locally AdSs, thus paving the road for a two-
dimensional CFT interpretation of the subtracted geometry.
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7.9 Linearizing 3D Fields

Linearizing the 3D fields ¥, ®, U around the subtracted solution, one finds that their fluctu-
ations all satisfy the same equation

8
V,VHSF — —50F =0, (7.114)

where L is the effective AdS3 length and F' denotes any of the fields ¥, &, U. We will later
need that -
L=2Y0g,  lg= (B ByBs)'/5. (7.115)

We will derive this result for ¥, the derivation follows similarly for ® and U. It comes
about by linearizing their equations of motion around the subtracted solution. The equations
of motion read

B? 5H” \1/ i)
0=V,Vil — L8 Z ), (7.116)
B? 5H,, 11/ iy
0=V, V'e -1 —SUZ ), (7.117)
i €U 1 sy B2
0=V, a3 ZFH%(@,@)). (7.118)
S i=1 S

The subtracted solution {¥, ®, U} reads

1//6
o (BiBaB' g B a_ (B
I ’ B>Bs ’ By ' ‘

Furthermore we need

hl —e 2/3\11’ h2 — 67 1/6\117\/1/2‘137 h3 — 67\/1/6‘1"‘1’ 1/2@7 (7120)

since H;; = (h*) ™2
Hyj=eV 8/3\1,, Hoy = eV 2/3\II+\/§(I>, H33 =eV 2/3\1!—\/@1)‘ (7121)
We start by inserting ¥ = W + §W¥ into its equation of motion (7.116))

5Hn

0=V, Vi 4 V,VHl — Le=8U Z B (7.122)

U=U+5¥

Note that we are evaluating on the subtracted background, i.e we have ® = ® and U = U.
We need to evaluate the functional derivative of H;; with respect to W. Using (7.121]) we
see that these functional derivatives will all be of the form exp(F’), a linearization of which
reads B B B B

ef T — o edF o 1 eF' 5 . (7.123)

Clearly the ef together with VMV“F will vanish, since F is a solution to the equation of
motion. We use F here since this argument is general and applies for all the three fields. For
U we get explicitly

—80

0=V, Vo0 — 6%4 (32 “VB/BY | 2 p2ey/2/3U VR §B§ev2/3@*ﬁi’) ST, (7.124)
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To evaluate the parenthesis, we use (7.119)), and find
8
0=V,ViU — ﬁé\ll. (7.125)

From this one can read off the conformal weights of the dual operators, which are found
using the standard dictionary to be "A = 4” for each of the three fields [2], from which one
draws the conclusion that they are irrelevant.

The standard dictionary (operator-state map) states that a scalar field in the bulk of
AdSg441 is dual to an operator at the boundary with scaling dimension

A== 41/—+m22, (7.126)

where d is the dimensionality of the dual CFT, m is the mass of the scalar field and ¢ is
the curvature radius of AdS [1]. In our case it is straight forward to see how this equates
to A =4, for the CFT operators dual to the 3D scalar perturbations d®, V¥ and §U, in the
AdSs3 bulk theory.

7.10 Linearizing around A _
We now repeat section for the subtracted geometry with warp factor A_, i.e
o1 = 7™ + 691, (7.127)

where ¢; are given as

Q% (a%r +2m)?

—1
or(r) =log | o5 1+ a?

:| ) QO = qo, Q’L = Bz (7128)
The decoupled equations of motion for these fields reads

2
(r(r —2m) ¢} (r)) + 2 (géemm - 1> = 0. (7.129)
Plugging in ¢; = ¢5"P + 66y gives
I\/ Q% _¢subt
—_ — )— 7 = U. .
(r(r —2m)og7) 2m2€ I 5pr =0 (7.130)
Explicitly in terms of the a’s this reads

2
(14 a) 2661 = 0. (7.131)

/\/ 2
(7’(7’ — 2m)5¢1) — 8m M

For I = 2,3 we then get that the solutions for d¢; coincide with the ones for the minimally
subtracted case studied in [2], i.e, after changing variable x = r/m — 1, the equation for d¢;
for ¢ = 2, 3 is seen to be the Legendre equation. The solutions that are regular at the horizon
read

Sbi = o (1 - 1) . =123 (7.132)
m
For I = 0,1 and inserting
ap=ay = HCHSHS, (7.133)
we get
g0 B1 B2 Bs|

B2 28 5¢r = 0, (7.134)
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where we expressed the coefficient in front of ¢ in terms of the warp factor and the charges,

to aid comparison with for the minimally subtracted geometry where the coefficient

reads )

95 B B3 B3
Az

To solve we again perform the coordinate change x = r/m —1, and thereafter employ

2 (7.135)

po eI 0 T+ 1l (7.136)
2,/20T11, 2201, '
in terms of which (7.134) reads
1

(1 —22)0¢Y(x) — 220 () + Wégb[(x) =0. (7.137)
The solutions that are regular at the horizon read
cx+b (IT, + Is)r — 2mlIl;

=«

br+c (I, — I)r + 2mll,’

(5¢]($> =y I = 0, 1. (7.138)

7.11 Perturbation Theory around A_

We now linearize around the values aiubt that give us A_. We start with ¢; for i = 2,3
B2

PPt = log [2} ) i=2,3. (7.139)
m

Making a Taylor expansion around a? = (a§"*)? = 0 we find
i = PPt 4 a2 (ﬁ - 1) T (7.140)
m

which agrees with the minimally subtracted case. We proceed on to I = 0,1

subt = log |:Q% A_

= —_ = B I1=0,1. 7.141
I m2 ‘qoBlB2B3:| 3 QI q0, D1, ) ( )

Now the Taylor expansion around a? = (a5""*)? = (II, — Il,) /IIs, I = 0,1 gives

I (I, + IIg)r — 2mll,

__ 4subt 2 (_subt\2y 7S
¢I - (Z)I =+ (al (aI ) )Hc (Hc _ HS)T + 2m1_[5 :

(7.142)

Essentially, we are lead to the suspicion that employing A_ in place of A does not change
things a whole lot. As noted in [2], one is already lead to the suspicion that in the minimally
subtracted case, the three d¢;,i = 1,2,3 correspond to irrelevant perturbations while d¢q
seems to be associated with a marginal perturbation. This suspicion is supported by the large
r behavior of the perturbations d¢;. Similarly, in the case of A_ our linear analysis leads
us to suspect that now two of the modes d¢;, i = 2,3 correspond to irrelevant perturbations
while the modes d¢7, I = 0,1 seem marginal. The validity of the dual conformal field theory,
if any, will then still be limited to the same extent as in the case of the minimally subtracted
geometry. We still require @ < 1 (now « being the smallest of g, a3). However, for the A_
case we do then have the freedom to consider two finite charges gy and Bj, while we need to
have Bs and Bs large. So in that sense it is an improvement since in the minimally subtracted
case, all three magnetic charges have to be large. As we noted earlier, we necessarily have
two a’s turned off, in order to at most have A ~ r?2 for large r. Thus it seems that allowing
for two finite charges is the best one can do in the subtracted geometry approach, for the
family of static black holes discussed. Extending the analysis in this chapter to the rotating
case is of particular interest, this has been achieved by the use of Harrison transformations
in [17].
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8
— Supporting Matter - Rotating Case —

The interpolating black hole family - established in [2] for the four charge static
black holes in the STU model, is useful in that it readily gives the linear perturbations needed
to start the interpolating flow between the subtracted and original geometry. This allows for
a detailed comparison of the subtracted and original geometry, which is highly valuable in
an attempt to understand the extent to which a dual CFT description is viable.

In the rotating case, we do not seem to have the luxury of a simple interpolating solution,
however there is still a powerful approach at our disposalm Indeed the scaling limits discussed
in [16] that extract the minimally subtracted geometry from the original geometry, is not
limited to the static case. We will review the scaling limit on the minimally subtracted
geometry, and implement a similar scaling limit that extracts our warp factor A_ from the
original: We successfully employ the scaling limit in the rotating case, and verify that the
matter supports the geometry with warp factor A_.

8.1 Scaling Limits in the Static Case

In [16] they obtain the minimally subtracted geometry of [19] in a scaling limit of the original
geometry. Since their notation is slightly different, we will firstly point out how the parame-
ters relate to the notation used in [2], which is the notation we stick to when discussing the
static case.

The charge parameters §; coincide with the ones employed herein, while the d4 of [16] is
instead referred to as dg. Furthermore, crucially, the scalar fields are related non trivially

1 4> 12, D2 <> 1M, 3 <> 13 (8.1)

For the vector matter we have in the static case
Fi < F!, Fy ¢ —e o202 4 2 Fie F3, Fyo FO (8.2)

where we are relating field strengths as defined in [16] on the LHSs with those in [2] on the
RHSs. In the static case F',i = 1,2, 3 are purely magnetic, while F© is purely electric.

We follow the first example of [16]. Considering the static case a = 0, and without loss of
generality taking three of the charges equal 6; = 0,7 = 1,2, 3 we take the scaling limit with
e—0

T = T€, f:te_l, m = Mme,
- - 12 8.3
2 sinh?d = Q = 2me 32 —1HY3,  sinh?5y = m 8.3)
where the "tilde” coordinates and parameters of the scaled solution are related to those of
the (in this case) minimally subtracted geometry in the static case. Applying the scaling
limit (8.3) to the original warp factor (6.39), one readily finds

Ag — A = (2m)3[(T12 — TI2)r + 2mII?). (8.4)

We note that in [17] Harrison transformations provide a four-parameter family that interpolates between
the original and minimally subtracted geometry in the rotating case.
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Furthermore, employing this scaling limit on the equations for the matter supporting the
original geometry, one finds the matter that supports the subtracted geometry.
We wish to find a similar scaling limit that gives us

AO — A_. (85)
Inspired by the example of [16], we set the charges equal in pairs, i.e
D N S N . (8.6)

The subscript f indicates the finiteness of those parameters. It seems one has to impose that
the two finite charges coincide, while the two large charges are set identical without loss of
generality. We find that employing the scaling limit € — 0

T =Te, t= te_l, m = me,
- - 11 8.7
2m sinh? 6 = Q = 2me (11, — I1,), sinh?0f = ——— 8.7)
I, — 11,
on the original warp factor gives
Ao = (r + 2msinh?5 ;)% (re + Q)2 — 4m? [(TI, — Is)r + 2mHS]2. (8.8)

For the scalar matter

h
e — hi\/io, hr = r + 2msinh?dy, I=0,1,2,3, (8.9)
hihohs

one finds that the scaling limit gives
m = —1log (4m?[(IL. — IL;)r + 2mlL,)?) + log @2, (8.10)
n2 =13 =0, (8.11)

and for the vector matter )
2m sinh d7 cosh d;

Al = m : (8.12)
one finds
2mQ+/11.11
A0 = Al = mQ—Cfm dt, (8.13)
(TT, — II5) A~
A2 = A3 = —% dt. (8.14)
The resulting field strengths read
4m2Q/TILI1,
th :Ftlr - %7 (8.15)
1
F2 =F} = o (8.16)
From the field strengths we can read off the charges
Am?2 /111,
—q=B1=—"7+— By = B3 =Q. (8.17)

Q Y
This agrees with (6.73|- , and it follows that the scaling limit has given us matter and
geometry that solves the Einstein equations and the matter equations of motion, as it is a
member of the family studied in [2].

Note that taking IIy — —II; and repeating the above, the limit gives the subtracted

geometry with warp factor A, and the matter is identical up to a change in the sign of Il;.
Notably the gauge fields A? and A! become proportional to /—IL.IL,.
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8.2 Scaling Limit for A in the Rotating Case

We found matter supporting the subtracted geometries in the statics case, both via directly
solving the equations of motion, and also now in the last section by applying a scaling limit on
the original geometry and matter. To find matter that supports the subtracted geometry in
the rotating case is rather difficult. Indeed it is not straight forward to simply find a solution
to the equations of motion. However, employing a scaling limit on the original matter that
supports the original geometry with rotation, is significantly easier. In reference [16] they
employed such a limit and found matter supporting the minimally subtracted geometry in
the rotating case. We will attempt the same for the rotating subtracted geometry with warp
factor A_.

Now that rotation is turned on it is no longer sufficient to deal with the truncated
pseudoscalar-free STU model, indeed we require in general non-vanishing pseudoscalars in
the rotating case. To warm up we quickly go through the steps taken in [16], where the
relevant Lagrangian takes the form

Li=Rx1 - % *dp; N\ dp; — %62%- *dx; Ndx; — %e“pl (e“”_“”’ * Il A\ Fy

+ er2res 4 Fo N Fy + e P2Tes o FiIANFL +e P27 5% Fh A .FQ)
_Xl(Fl /\]'-1—|-F2/\f"2), (8.18)

in terms of field strengths

Fy = dAy — x2dAs,

Fy = dAs + x2d Ay — x3dA1 + xax3d A2,
F1 = d.Al + XSdA2a

Fo = dAs.

This Lagrangian is considered as opposed to the one in [2] since the matter solutions
supporting the original geometry derived in [13] are solutions with this parameterization of
the action. We show how this Lagrangian relates to the triality invariant form used in [2] in

appendix
From now on we stick to the notation used in [16]. Again, without loss of generality they
consider the case where three of the charges are equal, thus

*Fl = F2 = *]:1 =F= dA, .7:2 =F =dA. (8.23)

The original matter supporting that geometry is rather non-trivial, now that rotation is
turned on. That matter is however, readily transcribed from [13], and with

61 =0y=03=20,  0b4=0p, (8.24)
and employing the abbreviations
§=sinhd, &= coshd, 50 = sinhdy, & = cosh do, (8.25)

the original warp factor reads

Ag = (7 + 2m3*)3 (7 4 2m83) + a* cos*d

+2a? cos®0 [#% + i (35% + 83) + 4mGo30c°5® — 2m? (3% + 3535 + 2533%)],  (8.26)
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the scalar matter reads?l

2macos 6 s
P oMY + @ cof ¢§(¢59 — 5¢p), (8.27)

XlZ_XQZXSZ(

(7 + 2m3%)? + a2 cos?0

i = - . i=1,2,3, (8.28)
Al
and the gauge potentials read
2m (o AT ) ~~2 2
A= A—{[(r + 2m8%)*(F + 2ms5) + Fa” cos” )]
0
x [e5dt — asin®0 ¢3(cey — 330)do)
+ 2Ma? cos?f(e df — asin26 5cs? d¢>)}, (8.29)
2m ~ ~ N3 | ==2 9
A= ~—{[(r+2ms )% + Fa* cos®d]
Ao
x [é030 dt — asin®0(¢°3) — §°¢y)d¢]
+ 2ima2 cos20(eq df — asin?0 d¢)}, (8.30)
where
e = 523650 (¢* + 5%) — 53¢(8% + 282 + 25%82), (8.31)
eo = 538 (E + 8%) — ¢050(35 + 239). (8.32)
Applying the scaling limit (8.3) along with
a = ae, (8.33)

to the geometry and the matter, one gets the minimally subtracted geometry (with rotation)
and matter.

In the static case, as pointed out in [16], as far as the geometry is concerned, scaling
only effects the warp factor. This is rather straight forward to see, however, when rotation
is turned on we need to explicitly check that the reduced potential A,q is unaffected by the
scaling limit. Performing the limit we find that

Aved = 2m[(838) — 3°50)7 + 2m3°50] — 2m (I — IL,)r + 2mlLy] , (8.34)

thus showing that the scaling limit only effects the matter and the warp factor, leaving the
metric otherwise unaltered.

We were able to verify most of the matter as displayed in reference [16], however, our
result for the time component of the gauge field A differs. Indeed the time component
requires special care, as in the limit one has to go to second order since to leading order one
literally has A; — 1/€ (a constant). One needs to be very precise in order to capture all
the terms that contribute. For instance, it becomes necessary to expand the original warp
factor in powers of €, i.e we cannot simply plug in the subtracted warp factor before taking
the limit. We find that we can reproduce the result in [16] if we in the limit let

cosh § = sinh ), (8.35)

*There seems to have been a slight sign mistake in [16], according to [13] we should have —x2 in (8.27).
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but of course to higher order in epsilon, this is incorrect, instead one has

coshd = sinh § +

1
I, (8.36)
sinh &

According to our calculations the ¢ component should read

o (2m)%(IL. — I0,) [(TL. — ITs)r + 2mll4]a? cos®d
A= —— — .
Q QA
Our calculations agreed with the matter in [16] otherwise. We leave explicit checking of the
equations of motion for this matter for future work.

(8.37)

8.3 Scaling Limit for A_ in the Rotating Case

We now repeat the steps taken in the previous section, but for our warp factor A_. We will
be taking the scaling limit supplemented with a = ae ﬂ That scaling limit requires
that we set the two finite charges equal, while the other two are set equal without loss of
generality

Fy=xF1 =F =dA, *Fy =Fo=F =dA, (8.38)
bo=03=20, 01 =0d4=0p. (8.39)
We then transcribe from [13] that the original warp factor reads
Ao = ((F+ 2md®) (7 + 2m32) + a° cos26) (8.40)
and the matter reads

2m(3% — 33)acos

= = X3 = 41
2= G ramdR ooty 1T =0 (8.41)
7 4 2ms?)? 4 a* cos?0
oo | ~)1/2 P — ) (8.42)
Ay
M i
A= F C8(F + 2m3sg) [dt — asin®0 do)|, (8.43)
0
W
— F CoSo (T + 2/m3s”) [dt — asin®0 do). (8.44)
0

Taking the scaling limit (8.7) supplemented with @ = ae, one finds that the geometry is
unaltered aside from the intended change in the warp factor

Ag = A = (2m)? (I, — II,)r + 2mIl,)?, (8.45)
and matter
2m(I1,. — Ilg)a cos 6
X2 = ( ) , x1=x3=0, (8.46)
Q?
QQ
6@2 = F, Y1 = Y3 = 0, (847)

3Note that in our current notation we will be using o instead of d;.
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T 2m(Il, — L) a? cos?6 2m(I1. — I1,)asin?0
A= ) dt — NG dt + 0 do, (8.48)
3
A 2mQ /1111 gt — (2m)3 /T, (I1, — IIs)a sin® 9dd>. (8.49)

(I, — IT,) A2 QAY?
From these potentials, when setting a = 0 we read off the non-zero field strength components

1 e 4m?QV/IIIT, H
Q? t’f’ A_

This agrees on the nose with (8.15/ - [8.16). Similarly the scalar matter for a = 0 coincides
with the scalar matter (8.10|-8.11)).

Instead of checking the equations of motion for this matter and geometry, we note that
there is a more natural scaling limit from the point of view of the two-magnetic two-electric
formulation in [13]. Indeed in [13] they remark on the simplified solution obtained when
setting the charges equal in pairs, but not like we did before, instead the more natural choice

Ft'r’:

A=A, Ay = A, (8.50)

61 = b3 =0, by = 04 = 00, (8.51)

where A1 and A; carry magnetic charge, while As and Ay carry electric charge. The original
warp factor for this pairing of charges coincides with the previous one, while the matter now

reads

2m (33 — §%)acos 6

= G am@)? + oozt 2T =0 (8:52)
7+ 2m3?)% + a2 cos?0
o ~)1/2 S —) (8.53)
Ay
2m _ _ . e N TaF < .9
Ay = Ay = —i7 ¢0S0(T 4 2ms*) [dt — asin 0d¢] , (8.54)
Ag
2m  __ . o . .
A=A = A & [adt — ((F + 2m3%)(F + 2m33) + a°) dg] cos 6. (8.55)
0
Applying the scaling limit, one finds
m(Il, — Ilg)a cos 6
X1 == e QQS) ) X2 =x3=0, (8.56)
Q2
= n w=e=0, (8.57)

2mQ/TI I, g (2m)3 /I, (I, — I,)asin?g

Ay = Ay =
(I, — II,) A2 QAY?

do, (8.58)

@ 5 acostdt — Q cos 6 de. (8.59)

— _,41
NG

This matter solves all the equations of motion as shown in appendix D]
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Unfortunately it seems impossible to find a scaling limit for A4 when rotation is turned
on, simply because the expression (8.40) mixes the angular term with terms proportional
to r,72. It could however be that we can find supporting matter using so called Harrison
transformations. We will discuss this further in relation to Anxngk:;a at the end of this
chapter.

8.4 Geometrical Interpretation for Graviphoton

The original metric (5.5)) can be rewritten in a form where the naive G = 0 poles are explicitly
canceled [19]

G in20 > Xsin% dr?
A2 = 2 <dt+mAredd¢> + 20062+ dp?

A G G x "
dtQ 1 . 9 2 er 2 c 2 2
== —RA (Areadt + R asin®0 do)” + = + do* + sin®0 dg”, (8.60)
where
A2 - A
R=Trd T 8.61
G (8.61)

For the warp factors (5.71), we thus have R = 4m?(Il. — II5)2 — ©. With A = A one has
R = 4m?(Il, — II,)2, which is precisely what they consider in [19]. Furthermore they cancel

the term )
. 2
A (Areadt + R asin®0 do) (8.62)

by introducing an auxiliary coordinate a taking part in the five-dimensional line element

—AB? = —

ds? = A(da + B)? + A™1/2ds32. (8.63)

This should be compared with the five-dimensional line element (C.14]).
Of special interest is the benefited geometrical interpretation of the gauge field F° which
is now seen to coincide with dB, i.e the gauge field derived from the potential
[(IL, — IL)r + 2mlIL,] dt + 2m(I1. — I;)%asin6 do

b= (. — T1,)A (564

This coincides with the gravi-photon field strength in the static case as remarked in [19].
Inspecting the gravi-photon gauge field from [16]
Q3[(2m)?TI I, + (II. — II4)%a? cos?d)] dt Q32m(I1, — T1,)a sin?6

A= 2m(II2 — 112)A * A

do (8.65)

we see indeed that when a = 0, 9,.4; matches with 8,3; (up to an overall factor Q* which is
set to 1 in [19]). Furthermore, shifting A; by a constant we find

Q3

At e 1)

= By, (8.66)
and the ¢ components match without shifting, thus validating the geometrical interpretation
in the minimally subtracted case.

We wish to achieve a similar geometrical interpretation when we consider the geometry
with warp factor A = A_. In this case, plugging A_ into gives R = 0, and thus it
seems perhaps problematic. However, comparing

Areqdt + Rasin?0d¢
AVR

B= (8.67)
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with (8.49) and recalling that Q = 2me (Il — I5) > 2m(Il, — II;) we may then hope to
capture the divergence of 1/v/R as R — 0 in factors of Q. We take the limit A\ — 0

A=A2, -GN  R=)\. (8.68)

Taking this limit on (8.60) gives the same metric as when applying the scaling limit with
e — 0. Applying this limit to B we find E|
dt
JAN
If we knew the precise relation between )\ and the scaling parameter ¢, it should be possible
to write B in terms of @, m, Il and II;, and hopefully one would find agreement with (8.49).
However, it seems that it is not possible to relate the scaling parameters A and e. Indeed
taking the e limit of R one finds the finite » dependent result
lim R = —4m((Ile — )7 + 2mll,) = —2Aeq. (8.70)
e—0
In retrospect it is clear that (C.14) for the subtracted geometry with A = A_ does not
coincide with (8.63)) with A_ in place of A. This is easy to see noting that for the case A_,
the only non-zero ¢; is ¢1 see (8.57) and we have

ds? = AY3(da + B)2 + AZV0qs2, (8.71)

where we have for simplicity set all factors of ) to one. It is clear that it is this line element
that is relevant for the uplift of the subtracted geometry with A = A_. It therefore seems like
quite a coincidence that in the limit R = A2 — 0 we got an expression for B;, that aside from
an overall unspecified constant, coincides nicely with the t-component of the gravi-photon
field (8.49). A detailed investigation of a geometrical interpretation of the gravi-photon in
the case A = A_ is left for future work.

We note that since (when discarding the term ~ 1/Q) A? in is purely electric,
i.e has no legs on the sphere directions parameterized by 6, ¢, we could hope that a similar
analysis to that carried out for A in section could be carried out. We did not have time
to pursue this, however it could give valuable clues regarding the extension of the work [2]
to the generally rotating case.

8.5 No Scaling Limit for NHEK-Like Warp Factor

Seeing how successfully we got matter for the subtracted geometry with warp factor A_ in
the general rotating case by employing the scaling limit , we would now like to identify
a similar scaling limit for the general warp factors where © may now depend on 6.
We pointed out that we could only have constant ® = g in the static case, but in the
general rotating case we may have an angularly dependent ©, indeed both the original and
the minimal warp factor depend on 6 when a # 0.

We recall our proposed warp factors Anxugk;4 for the purely rotating case , that
unlike the corresponding minimally subtracted warp factor A, give us the correct NHEK
limit. It is clear that a scaling limit 7 = re,a = ae, e — 0 as used in section will not give
us ANHEK:4 When applied to

Ao = (r® + a® cos?6)>. (8.72)

However including the charges might improve the situation, since the original warp factor
(charges equal in pairs) reads

Ao = ((F + 2m3®) (7 + 2m#2) + d2 cos?6)” . (8.73)

4We are dropping the term proportional to .
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On the face of it, this seems rather promising, however, in the scaling limit we employed
in section [8.2, we had in particular @ = ae, and in the limit we took € — 0. This is bad, as we
then loose the terms involving cos?6 and cos*d. We could try with a scaling limit that does
not effect a, i.e @ = a. Then according to a scaling limit akin to , where we generalize
in terms of arbitrary constants o and og

ms* = o2t 52 = o2, (8.74)

we get
Ao = (20°mr + dojo’m® + a? cos® 9)2 . (8.75)

This is close, however, there are no clever choices for the constants ¢ and op that make
Ao — Annpk:;a. In particular, we see that there is no way that can give a term
~ 12 cos? §. Thus it seems that we do not have a scaling limit at our disposal. In [46, 54], the
road from original geometry to subtracted geometry has been facilitated by so called Harrison
transformations. It may be that despite the lack of a scaling limit, one may find a suitable
Harrison transformation that when applied to the original solution would give a geometry
with warp factor Axugk;4. We have not had the time to study Harrison transformations in
detail, however they are clearly relevant, and applicable to the study of subtracted geometry,
and should be incorporated in future work.
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9

Conclusion and Outlook

In this thesis we have provided a brief historical account of black hole physics, along with
a short review of modern black hole physics, with special focus on understanding aspects
of the entropy matching in the context of string theory. It is apparent that during the last
few decades we have unraveled a stringy description that works wonders for certain extremal
BPS black holes as we pointed out in chapter 3. Unfortunately the arguments that allow
for the extrapolation between low coupling gs < 1 perturbative string theory description
in terms of Dp-branes breaks down for non-extremal black holes. However, we have been
making progress during the last couple of years.

Indeed as we have reviewed in this thesis, chapter 5, the appearance of hidden conformal
symmetry, which is made manifest in the subtracted geometry, suggests that a CFT plays
a central role even for non-extremal black holes. The extent to which the CFT description
is accurate, remains an open problem. This has however been illuminated recently by the
identification of irrelevant operators in the CFT dual that start the flow from subtracted to
original geometry, thus suggesting that the dual CFT description is only valid in the limit of
large magnetic charges [2], which as shown in figure corresponds to an increased region
of overlap of the original and subtracted warp factors. The work of [2] has recently been
extended to the rotating case in [17] using Harrison transformations. The CFT deformations
remain irrelevant however, and as a whole [2, 17] suggest that in general for non-extremal
black holes we need to supplement the CFT description with deformations: CFT + O.

In some sense it is to be expected that the CFT dual to the minimally subtracted geometry
is only an approximation, just like the subtracted geometry itself differs from the original
geometry. The discrepancy between subtracted and original geometry has become even more
apparent in the recent study of entanglement entropy. Specifically, in [21] the entanglement
entropy for the original and the minimally subtracted geometry is computed. The entropies
agree at tree-level, however the logarithmic corrections in both cases differ. As they point
out, the logarithmic correction for the minimally subtracted geometry has the opposite sign
of the correction for the original geometry, and there may be a Harrison transformation
that gives a geometry where the logarithmic correction vanishes. Whether such a Harrison
transformation would be related to a subtracted geometry or not remains to be studied.

Although the CFT dual to the minimally subtracted geometry does not give a complete
description of the original geometry, there may still be a lot to learn from this approach. In
this thesis we have investigating warp factors A ~ r2 corresponding to subtracted geometries.
Unlike the case A ~ r for which there is only a single unique warp factor A that maintains a
separable wave equation and gives a hypergeometric radial equation, we have several possible
warp factors A ~ 722 A = A + ©G. Notably we find a set of candidate warp factors
ANHEK; A, Where the NHEK limit on each Anxngxk;4 for a given A € R coincides with the
NHEK limit on Ag, section Furthermore we manage to find matter for a large class of
warp factors A ~ 72 in the static case and make progress toward finding matter that
supports a Axugk:a by finding matter supporting A_ = Afed ~ r? in the rotating case.
Our suggested Axngk.4 coincides with A_ for the uncharged, static case, thus if there exists
matter supporting ANugk:4 it should show likeness to the matter supporting A_ in the limit
of vanishing charges and vanishing angular momentum.

Initially we hoped that perhaps A ~ 2 being more closely related with Ag ~ 74, than
A ~ r, could give rise to a CFT dual that would better describe the states of the original
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black hole. However, as suggested by sections - even though two of the fields now
seem to be irrelevant deformations, as opposed to the three irrelevant deformations in the
minimally subtracted case, the CFT dual if any, is still only a reasonable description in a
regime where o < 1 section . On the positive side, the case A ~ r? does provide a valid
description for two finite charges, as opposed to only one finite electric charge which is the
case for the minimally subtracted case.

For the minimally subtracted geometry, [19] nicely shows how the geometry uplifts to a
geometry that is locally AdS3 x S2, thus making a dual CFT description apparent. Although
we have not investigated the extent to which the uplifted geometry for warp factors A ~ 72
similarly factors into an AdSsxS? locally, we point out the possible geometrical interpretation
of the gravi-photon field for the matter supporting A_ = A?ed in section .

We have also looked at the asymptotic behavior of subtracted geometries. In general it
may be that the usefulness of subtracted geometries is related to the fact that they alter
the asymptotics, circumventing the problem of negative specific heat. Furthermore as we
elaborate on in section this is related to confinement of matter fields, which are found to
be confined for the minimally subtracted case akin to how matter is confined in AdS space.
However, we find that subtracted geometries with A ~ 2 may not be as confining, indeed
as suggested by our analysis in section it seems that such subtracted geometries may not
be confining.

As we mentioned in the last paragraph above, subtracted geometries with A ~ 72 may not
have the desired confining properties. Whether this is correct, and more specifically, whether
or not this renders such subtracted geometries useless definitely needs to be answered. To
analyze this, it could be fruitful to study geodesics in the asymptotic regions described by
the asymptotically conical metrics with p = 1.

Another important work that we have deferred to future investigation is the extent to
which the subtracted geometries A ~ 72 such as A_ uplift to a 5D geometry that is locally
AdSs3 x S? like the minimally subtracted geometry. In general we did not establish direct
evidence for a CFT dual for any of the subtracted geometries with A ~ 2, which although
suggested by a hypergeometric radial equation, nevertheless deserves a detailed quantitative
analysis.

As an important result in this thesis, we propose a candidate warp factor Axygk for future
study. This warp factor needs to have supporting matter in order to be of physical relevance.
We found matter for A_, suggesting that we may find similar matter for Axggrk, this should
be a primary objective in the extension of this work. There are several fruitful directions
that could aid in identifying matter. First and foremost, even though we ruled out the
usefulness of a scaling limit, it may be that the more general Harrison transformations could
relate Ag to Anpek and give supporting matter. From references that employ such Harrison
transformations [17, 46, 54] it is clear that it is possible to generate A ~ r? from Harrison
transformations in general, and unlike the scaling limits, the Harrison transformations may
be able to generate the desired angular terms that we failed to generate in a scaling limit in
section 8.5l

Aside from the proposed warp NHEK-like warp factors Axpgk.4, the general A ~ 72,
if CF'T duals are identified, could be interesting cases of subtracted geometry. Perhaps in
the future one could extend some of the more recent work centered around A, to subtracted
geometries with A = A+ ©G,0 # 0. In particular the recent work [21], in which the
entropy of the CFT dual was found to deviate from the original black hole geometry beyond
first order when computing the entanglement entropy. Perhaps these deviations would be
suppressed for subtracted geometries with A ~ r? warp factors.

It would also be interesting to investigate in detail, why the scaling limits as employed in
[16] work. It is tempting to propose that they may be related to Harrison transformations,
which would answer this question, as Harrison transformations are particular solution gener-
ating techniques employed in the three-dimensional coset model that results when reducing
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the STU model along time, as in [13].

Lastly, we point out the work done in [12] in which the general subtracted geometries
with warp factors A ~ r2 as we have studied, may be of interest. The idea is that extremal
subtracted geometries, so called subttractors, are boundary cases for the attractor basin
studied in the attractor mechanism. This mechanism is characterized by the moduli scalars
taking on a specific value at the double degenerate horizon, while they may upon pertur-
bations flow to very different asymptotic values. This mechanism is interesting for various
reasons, notably that it hints at the horizon region being responsible for the characteristics
of black holes.
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A

Form Notation

Let w be a differential form of degree p, i.e a p-form. If we wished to explicitly specify the
degree of the form we would in this case write w(;).
In general we express w in terms of its components wy;.....,:

1
w= ] Wy ooopryy AT N - N dh®, (A.1)
where the wedges are defined to be antisymmetric tensor products. Let A be a p-form and
B be a ¢g-form, then the wedge product is defined such that

(p+a)!
(A /\ B)Nl"'ﬂp v1Ug — W A[,Ufl"'/lprVl'”Vq}’ (A2)

where the antisymmetrization is done with weight one, i.e

1
! Z EA i By )iy (A-3)

B, ., 1=———
vl P+a)! S

Aoy

with the sum going over all permutations with positive or negative weight for respectively
even and odd permutations, e.g

> A=A — Ay (A.4)

perm.

The Hodge dual is represented in D dimensions by xp and often we will suppress the
subscript D when it is evident what the dimension should be. We define the D-dimensional
hodge dual (we suppress the subscript D) to work on w such that the components of xw

read
1

(*w)ﬂl"'ﬂ(D—p) = H 6:“'1"'/»"(D_p) viUp wylmyp, (A5)

where €,,...,, are the components of the volume form e defined by the completely antisym-
metric symbo]ﬂ €up--pup and the metric determinant g:

€pr-np = V19l €y - (A.6)

Raising the indices with the inverse metric one finds

eH D 4(_1)t€u1--~up (A7)

N :

where the components e#1"#P are identical to €,,..,,, and t is the number of timelike
directions, i.e the number of negative diagonal entries in the metric.

It is standard to use this compact notation when writing out Lagrangian densities of
actions which would otherwise have a lot of indices. Noting that

1

= pymnp dz' A - NdztP = \/|g| dz® Adazt A - A daP (A.8)

* 1

n e.g four dimensions it is defined by requiring that eg123 = +1.
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we see that the Einstein-Hilbert action S = [ £ can be written compactly with
L=Rx*1. (A.9)

Furthermore, which is not too difficult to show, the relation

1
;7! ARkl (A.10)

*ANB=xBANA=
is valid for any p-forms A, B. This allows one to compactly write the kinetic terms for gauge
fields, e.g for a one form gauge field A(j) the kinetic term usually reads %FWF MY where
Foy = dA(y). In form notation (noting the above relation for p-forms A, B) we can write
such a kinetic term simply as

%*F(g) /\F(Q), (A.11)

which at first seems like equally much work, however it pays off tremendously for higher
degree field strengths, and indeed makes certain structures in the Lagrangian much more
transparent.

Without having introduced the exterior derivative d we just used it to construct the field
strength F(oy from A(;). The exterior derivative is simply defined to act on our p-form as
follows

(dw) iy pagpny = (O N W) iy opapny (A.12)
thus
(dA(l)),Lw = 8,uAZ/ - 81/14;“ (A.13)

as one is used to.
While we are at it, there is a neat way to write the covariant divergence of w, namely

*dxw = (—1)HPP-pH)=1 VP Wy pgeooy At A - - N\ dzt? (A.14)
the sign out front is rather involved, but usually not terribly important. We see that the

special cases p = 1,2 give signs that coincide nicely with (A.7) and (A.8) in [2].
We give a quick derivation of (A.14). Clearly

D—p+1
(d*w)yul"'ll‘Dfp = pz!) 6[1/ Cp1-pmp_plvi-vp W
D—p+1 D—
= TZ; G S I P (397 Dy Gpo + Oy) WP, (AL15)
where the indices isolated inside |---| are not part of the antisymmetrization. In the last
line we used that
gl = 1919"" 9v gpo- (A.16)

and that when pulling the v index all the way to the right we get the appropriate sign in
front. Now taking the Hodge dual of this, we get

v1Up
)

(A.17)

_ 1 V1 pp— 1 _po
(*d*UJ)pl...pp71 = m Epl...pp71 p 6#1"'MD7p vyUp (gg ay ng' + 8]/) w

where we used the antisymmetry of the left most epsilon tensor to remove the antisymme-

terization, and furthermore got rid of the sign factor by moving v to the left. To perform

the contraction over the indices on the two epsilon tensors, we want to use that
eHT I ST €y -

= (~1)'p!(D — p)! 8l - 6507, (A.18)

“Bp—p Bp—p
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To this end one has to move the indices p1 - - - 1p—, past the p indices on the left-most epsilon
tensor inducing a sign (—1)p(D ~P). One also has to raise the lower indices on this epsilon
tensor hence

1 oD gﬂlpl U Gup_1pp—1 5[%1 U 555:11 55}0 (%gpa 61/ 9po + au) whr

(=1)
( 1)t+p gu1p1 . 'g/utp71pp71 (%gpo 8V gpa + 8V) wulmﬂp_l v
( 1)t+p (D—p+1)—-1 ( paa Gpo +8 )wup1“'pp—1

= ()PP DG (A.19)
To get the second line we contracted the §’s with the w, and used the antisymmetry of w.
The third line induces a sign by interchanging indices on w. Lastly we use an identity holding

for any covariant divergence of a p-form defined via the affine connection I'.
Another useful identity is

(*d*w) “Pp—1

*xw = (—1)HPPP)y, (A.20)

which is relatively simple to work out in comparison to the derivation we just showed above.
Let us now consider Maxwell’s equations now in the light of form notation. Firstly, let
us write down Stoke’s Theorem for a ( )-form A which reads

/ dA = /8 . (A.21)

where M is a D-dimensional manifold with boundary 0M. We will use this in a moment.
The Maxwell equations in four dimensions in index notation read

NpuFyp =0, (A.22)
VIE,, = —J,. (A.23)
In form notation we may write more compactly
dF =0, (Bianchi identity) (A.24)
d*xF =—xJ, (Equation of motion) (A.25)

where the last line implies that in four dimensions
*dx F=—J, (A.26)

since x x J = J in four dimensions. It is now easy to construct a conserved charge, namely

Q:—/Z*J:/Ed*F:/aE*F, (A.27)

where ¥ is a spacial slice at constant time.

We close this appendix by considering the electric-magnetic duality, which in effect re-
places F' by its dual F such that now the Bianchi identity for F' implies the equation of
motion for F and vice versa. For the moment setting J = 0 (vacuum) we see that indeed

F=x%F &  xF=-F (A.28)

leaves the vacuum Maxwell equations unaltered, as the Bianchi identity takes over the role
of the Equations of motion and vice versa.

When J # 0 we have to include a magnetic current J to make the Maxwell equations
invariant under this electro-magnetic duality. We may ascribe a magnetic charge to F,
defined by

Q= /8 L (A.29)

This charge is conserved thanks to the Bianchi identity, i.e it is a conserved topological
quantum number. On the other hand the conventional electric charge is conserved thanks
to the equation of motion, and is a so called Noether charge [6].
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B

Dimensional Reduction

B.1 Motivating Dimensional Reduction

Kaluza-Klein reduction, or more generally dimensional reduction, is a procedure that allows
you to go from a theory in a D-dimensional spacetime M x K, to a theory in the d-dimensional
spacetime M. The degrees of freedom associated with K are frozen out by compactifying the
space to a scale so small that upon applying suitable boundary conditions the massive modes
diverge and the only physically realizable modes are the massless ones.

On our first encounter with this idea it is pedagogical to consider a massless scalar (Z)(iL’, 2)
abiding the appropriate Klein-Gordon equation

(%% = 0. (B.1)

In what follows we will investigate how the field and its equation of motion are expressed
in one dimension less. We shall reduce from D 4 1 down to D dimensions by compactifying
one of the flat space-like directions with topology R onto a circle S of radius R. The
compactification is realized as the identification z ~ z+ 27 R, furthermore we choose periodic
boundary conditions for ¢(z, z)

~ ~

¢(z,2) = ¢(z, 2+ 2nmTR), neN. (B.2)

This allows for the Fourier decomposition of ¢ into its Fourier modes

bz, 2) = Z¢n(x)emz/R, (B.3)
effectively giving ,
(£~ ot 0. (B.4)

which is the Klein-Gordon equation for the modes ¢, () with mass term |n|/R. Evidently
the procedure has led to a mass which should be thought of as energy arising from the
quantized momentum along z (acting on ¢A>(x, z) with the momentum operator —ihd, clearly
yields the eigenvalue p, = hn/R).

Although the equation of motion we started with and the one we ended up with are not
very different, the first one is cleaner as it does not contain a mass term. This is a general
result of dimensional reduction; the original (higher dimensional) equations of motion will
dimensionally reduce to more complex equations. This is to be expected as translational
degrees of freedom associated with the extra dimensionality need to be captured by additional
fields in the lower dimensional theory. This will become very evident in the next section
where we perform a standard Kaluza-Klein type reduction of pure Einstein gravity, which
even though we will truncate away all massive modes, gives a much richer theory.

It is common practice to also truncate away the massive modes. In the scalar example
we just considered, dimensional reduction gave us an infinite collection of massive fields in
addition to a massless field. It is now reasonable to consider the truncated lower dimensional
theory, i.e only keeping the massless mode, as the mass |n|/R for the massive modes diverges
as R — 0. It is easy to argue taking R — 0 when D + 1 is greater than the apparent number
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of dimensions in our universe, say 4 for instance. The philosophy is simply that the radius of
compactification is so small that for all intents and purposes it plays no role as a dimension.
We are in a quite literal sense, extracting the effect of extra invisible dimensions.

B.2 Dimensional Reduction of Einstein Gravity

We will now perform dimensional reduction of Einstein gravity in D 4 1 dimensions to
D dimensions, by circle reduction. We shall let the compactification be of the direction
parameterized by the z coordinate of the (D + 1)-dimensional theory onto a circle of radius
R via the identification z ~ z + 27 R. We will be following [44], a reference which we found
particularly useful.

Before we get started, we need a way to distinguish between objects belonging to the
(D + 1)-dimensional theory and the theory in D dimensions. Let us place hats on objects
that are part of the (D + 1)-dimensional theory while objects without hats will be objects
belonging to the D-dimensional perspective. We will also need to distinguish between two
types of index labels, and we shall employ M, N, ... and u,v,... as follows by the example

M=0,1,2,...,D, uw=20,1,2,...,D—1. (B.5)
We denote the coordinates that span the (D + 1)-dimensional space by
M = a5+ 260 (B.6)

where z# are the coordinates that ”survive” the dimensional reduction.
Now, just like we did for the scalar field considered in the previous section, we impose
periodic boundary conditions on the metric components and expand in Fourier modes

9,1&(33) = Zg;(l?)) (Jj)einZ/R’ (B7)

where x and & denote respectively the set of coordinates in D and D+ 1 dimensions. We then
proceed by making the reduction ansatz g, = gus (), that is, we take it to be independent
of z. This is really something that goes hand in hand with truncating away the massive
modes. In general such a truncation may not be consistent, in the sense that the lower
dimensional theory, may not have equations of motion that are consistent with the higher
dimensional theory. In the case of circle reduction, the group theory argument mentioned in
[44] is enough to convince us of the consistency of this truncation.

Now, the realization to be made is that from the D-dimensional perspective, the (D +1)-
dimensional metric components gy (x) break up into

gul/(x)7 g,u,z(l')7 gzz’(x) (B8)

Note here that z is not an index label but a value, it is a fixation of the index N = z. Also
note that due to the symmetry of the metric we only need to specify the one, g,,. = g.,. This
separation of the metric in D + 1 dimensions into these three objects in the D-dimensional
perspective results as a consequence of our Greek index labels being unable to take on the
value z.

In principle we could simply use g,., guz, - to parameterize our D-dimensional theory,
however they are not a very nice choice as they do not recognize the underlying symmetry
of the problem [44]. A more natural route is to parameterize the line element as

ds® = e2%9ds? + 29 (dz + A)?, (B.9)

where a and 8 are constants that will be fixed later on, and A = A, dz".
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All we need to do is express the (D + 1)-dimensional Einstein-Hilbert action in terms
of the metric g,,, dilaton ¢ and gauge field A, (respectively the Kaluza-Klein scalar and
potential). To this end one has to compute the Riemann tensor and from it the Ricci scalar.
This is quite a lengthy and tedious calculation, however we will find that it is simplified
greatly in terms of an orthonormal non-coordinate basis, in terms of which the metric takes
the canonical form, i.e flat.

We follow the usual convention and write the basis one-forms as

et = eyt daM. (B.10)

We stop for a moment to address the appearance of the label on the vielbein, which we shall
treat as an index, and to distinguish it from M, N,... we call the latter curved while the
labels on the vielbeins are referred to as flat. To be precise, we shall let A, B, ..., L be the
flat indices of D + 1 dimensions, while the lower-case letters a, b, ... will be the flat indices
of the D-dimensional theory.

These vielbeins will provide us with an orthonormal basis provided that

PN enten® =8 (B.11)
In matrix notation Ny
a—
,@MN = 625¢ <€ %‘Zy + A,MAV "‘}#) , (B12)
14

and we readily identify the following suitable vielbeins
&4 = e, & =ePdz + A), (B.13)

where we introduced the D-dimensional ones e* = e,*dx#*, which provide an orthonormal
basis for the metric g, .

Instead of the standard covariant derivative involving the affine connection I', we must
instead adopt the spin-connection when dealing with spinors on spacetime, which is just a way
of formulating the covariant derivative in terms of our vielbein basis. The spin-connection
wyp is defined as follows

VX% =0, X" 4+ w, X", (B.14)
V. X0 = 0, X0 — w,ba Xp (B.15)
This is really similar to how our usual affine connection I'f,, is defined, the difference is
that we now have two different bases; flat and curved. Using the above definition it is not

that difficult to find the expression for the spin-connection in terms of I' and the vielbeins.
Comparing the explicit expressions for (V,X)dz" ® €, and (V,X")dz" @ 0, one finds

wuab =e,” eAb FZ)\ - eAb a,ue)\a- (B.lﬁ)

However, for our purposes it is the defining relations for the torsion 7" and the curvature R
in terms of the spin-connection that will be particularly useful

T4 = de* + o4 NP, (B.17)

64p = dop + e N, (B.18)

where the curved indices on 7' and © have been suppressed, it is understood that they are
both two-forms.

We could now directly compute the components of & and from the Cartan structure
equations — read off the components of é, from there on it is furthermore straight
forward to read off the components of the Riemann tensor noting that

@AB = %RABCD éc AeP. (B.19)
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Computing the spin-connection directly from the components of the Christoffel connection
gives

@ =W+ aem (0P gt — 0"pe’) — felPTPNOFbe, (B.20)
09 = —Bem90p 7 — %e(ﬁ—QaW}“abéb? (B.21)

where F = dA and w** = 0 due to antisymmetry. This is a rather tedious exercise, a
generally easier and more satisfying approach to finding the spin-connection, is to try to solve
the torsion-less condition with 74 = 0, as we are in general considering spacetimes
without torsion. From the first of the Cartan structure equations we see that T4 =0 implies

oAp nel = —det. (B.22)
From the relations
et = 2%, &3y diM = ePO(A, da" + d2), (B.23)
and the antisymmetry of the spin-connection we establish the relation
WA NN = e 07, A e (B.24)
Now the torsion-less condition implies
WP Net = —e P d(eP?(A + dz)). (B.25)

Letting the exterior derivative work on the parenthesis, and recalling that the Leibniz rule
implies in general
dlwAn) =dwAn+ (—1)Pw Adn (B.26)

for a p-form w and a g-form 7, we find explicitly

o e = —ePBN(Bdp A (A + dz) + F), (B.27)
Rewriting the RHS to
eB=2(B9yp (A+dz) A e + S Fup e® Ae?), (B.28)
we find that
7 = P78, (A+ dz) + L Fup ). (B.29)

We proceed to calculate @%,. Again we start by
Wi A EP = —de, (B.30)
from which we get
e A eb = =20, N (A + dz) — e (ardg A e + de). (B.31)

Now we can use what we already found, namely the components w?,. Using the antisymme-
try, and appropriate raising and lowering of indices we find

o, = —eB=NP(3 9% (A + dz) + 1FY, e) (B.32)
Wedging that with A + dz we find that (B.31]) gives

Wiy Ne’ = %62(5_0‘)(75]:“5 e N (A+dz) —adp Ae® — de. (B.33)
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Using the torsion-free condition on the un-hatted spin-connection, i.e w%, A e® = —de®, and
rewriting the other terms, we find
W% A el = —%ez(ﬁ*a)d’ Fl(A+dz) Aeb + adype® Neb 4wy Aeb. (B.34)
This suggest that
W% = w% — %62(5—04)¢ Fh (A+dz)+adppe® —ad®@ey, (B.35)

where the extra term proportional to ¢ was added to ensure antisymmetry of the connection.
The extra term that we added vanishes upon wedging the connection with e, we thus see
that the above is also compatible with the torsion less condition as it should. We happily
note that the expressions for the spin-connection agree with those computed earlier.

Now we proceed to calculate the components of the Curvature two-form and then we
will make use of to read off the components of the Riemann tensor. We see that
we want in the end to write the curvature two form as an expression multiplying a wedge
product between two hatted vielbeins. To this end we note that the components of the
spin-connection in terms of hatted vielbeins read

O = W + ae—aqﬁ(abqséa - 8a¢éb) _ %6(5—2(1)(75]:(11)(3/27 (B36)
0% = B 00,08 + LePT2OF, &b, (B.37)

Calculating the curvature OMy is in principle straight forward

O% = di®y + % NO% 4+ D% A&, (B.38)
O, = da®, + &% A Q5. (B.39)

We present the different terms:
di®y = {e—2a¢ac wq + e 2[00y 0% — DD Mg — wea Oy + Wepg P (B.40)
— %62(5720‘)#7:% ]:cd} e A e + %6(673a)¢[2(ﬁ — Oz)add) F + 8d.F“b] % N éd,

dis®, = —3eP399L B0 Fog + (B — @)0ep Foq + 8 Foq — we®q Fos } €€ N & (B.41)
+ Be2*[(B — )0 0 + 020 ¢) €7 A &7,

Wy NGy = 6_2”@{%“3 Wi’y + afwa®s(0s¢ 0p — 0"Pnes) + wes(Fpd 0 — O°PMpa)]
+ 0% (06 02 = 06 1,c) (000 5 — 0" ma) & N &
— L7306 (0,0 65 — 0 S M) F — a(De0 8 — 96 1) F (B.42)
+wg’s Fs — wqs ]:sb} & e,
D% NG, = —%e(ﬁ_3“)¢{a(8s¢ 5 — %P ne) Fo g + wes Fsd} & A &l
+{ Be72a(0,0 %0 55 — 00 0u6) + wa"s 6] (B.43)
+ je2mzepe b e ned,
W N = — 1220 pa B e ped — 1B Fry — Oyp Fg) eF A el (B.44)

Now that we have obtained ©™ y we can start to read off the components of the (D +1)-
dimensional Riemann tensor RM Npg from 1' Reading off the components is not as
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simple as identifying whatever is contracting with the wedged vielbeins on the LHS with
that contracting the vielbeins on the RHS. We can only make the identification between the
antisymmetrized expressions, where the antisymmetrization is in the Latin indices that take
part in the contraction with the vielbeins. To clarify, consider a two form T = %Tab ér A éb,
furthermore let A bad B be one forms such that

e neb = A.Bye® neé (B.45)

Then in general T, # 2A,Bp, however since the wedge product is an antisymmetrized
product, we can identify after antisymmetrizing in a and b, i.e

Ty = AuBy — ApB,. (B.46)

Apart from this subtlety, the calculations is otherwise rather mundane. Instead of presenting
the rather large expressions for the components of the Riemann tensor we give the compo-
nents of the Ricci tensor

Rap = e 2Ry, — (D — 1)(D — 2)04¢ 0y — allgpnp) — 52 P20 F< 7y

— 729D = 2)a + B](Vy O + a(06) ma), (B.47)
Raz = Rza = _%6(5—304)(?([3(/3 - O{) + (D - 1)a]60¢ Fla+ Ve ‘Fca)’ (B48)
Ree = —Be (5 + (D~ 2)a)(99)° + 0g) + je* P20, (5.49)

Before we go on to contract once more to get the Ricci scalar R we would like to make a
general observation. In the (D + 1)-dimensional Einstein-Hilbert action we have

V—iR. (B.50)

We can easily compute ¢ in terms of the determinant of the D-dimensional metric by the
observation

§ = det(éne) = — det(é)? = —e2PatD? get(e)? = 2Patho g (B.51)

we find
V—g = ePethle /=g (B.52)
Without doing the full computation we see quite immediately that the (D + 1)-dimensional

Ricci scalar R will look like A
R=e2R+.-) (B.53)

implying that the Lagrangian density in the D-dimensional perspective takes the form
L=eP=2248)0 /Zg(R4...). (B.54)

To get the standard normalization of this D-dimensional Einstein-Hilbert term we restrict
ourselves to f = —(D — 2)a, which is ok, at least for D > 2 [44]. This is in order to arrange
for the Einstein-frame form of the gravitational action in D + 1 dimensions to go over to the
Einstein-frame form of the action in D dimensions. With [ satisfying this relation, we find
that the components of RM N now read

Rap = e 2(Ryp — (D — 1)(D — 2)04¢ Opp — aOdpmep) — se 2P FC, Fyp,  (B.55)

Ry, = R., = %e(D—i’))aqﬁ vc(e—Q(D—l)aqurac)’ (B.56)

R,. = (D —2)ae 2%0¢ + L 2Pad 2, (B.57)
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If we now calculate the Ricci scalar R = R, + nabRab we find
R=e2R—a*D—1)(D—2)(0¢)? - 2a0¢) — Le 2P0 F2, (B.58)

In addition to a nicely normalized Hilbert term, one likes to get a kinetic term with canonical
normalization, that is —%\/Tg(8¢)2 in the action. We see that we can achieve this by fixing
a to satisfy .
2

« I ENCEDS (B.59)
With this choice of «, and discarding the term ~ ¢ as it is a total derivative of ¢ and thus
gives no contribution to the equations of motion, we find that the (D+1)-dimensional Einstein
gravity when dimensionally reduced along a circle of space-like extension, is reincarnated as
the following D-dimensional Einstein-Maxwell-dilaton theory, whose action reads

L=+/—gR=1/—g(R— 1(04)* — e 2D~ D¢ r2), (B.60)

The story is similar, but with subtle differences, when considering the same procedure but
in the string frame, [43]. Denoting the (D + 1)-dimensional metric in string frame Gy, we
would introduce the Kaluza-Klein scalar o and potential A by

R 20 20
d§* = ds® 4+ e* (A + dz)?, Gun = <GW —ggiAA“A” 6621:1“) . (B.61)
We would again make use of the vielbeins, defined such that
GMN = EA‘JIC‘/[EA‘]gﬁABa G,ul/ = EﬁESﬁab (B'62)
and this time find
« Fe %A A EF 0
A — (w p M e
EM < 0 e > ’ EA <_Aa e—a> ) (B63)
such that
. A GHv — AW
GMN — E%EJIXUAB = (_AI/ 6—20' + A2> . (B64)

The resulting action will have a Lagrangian of the form
L=V-Ge 2R+ ) =+vV-GCGe" 2[R+ ), (B.65)

since det G = —(det )2 = —(det E)%e?? = Ge??. Therefore to get the string frame action
in D dimensions, we need to define the D-dimensional dilaton by

=010 (B.66)
When the dust settles, one finds
1
Sp = o7 dPrv/—Ge *® (R + 40,90"® — 9,000 — 1e* F,, F*), (B.67)
wherdl] 1 or R
= (B.68)
Kp Kbt

We can be sure that this general circle reduction along with the implied truncation of
massive modes (going hand in hand with the z independence of the Kaluza-Klein ansatz) is
consistent. It nicely rests on the observation that the massive Fourier modes are all doublets,
i.e modes of the form ~ et while the massless mode is a singlet: There is no means by
which a combination of doublets will result in a singlet or vice versa, and it is in this sense
that this group theory inspired argument assures us that this truncation is consistent [44].

!Note that in this expression R is the radius of the circle of compactification, and not the Ricci scalar.
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B.3 Reduction of n-form Field Strength

As we saw in the first section of this chapter, a scalar reduces rather trivially, at least under
circle reduction. However an n-form field strength, F(n) is a bit more involved, however, it
is straight forward in comparison with the reduction of gravity.

Let A(n_l) be a gauge potential in (D + 1)-dimensions with field strength F(n) = dfl(n_l).
Such a gauge potential decomposes as

A(n—l) = A(n—l) + A(n_z) ANdz. (B69)

in the D-dimensional perspective. Again this is a result of the inability of the D-dimensional
index labels u, v, ... or a,b,... to take on the value z. Now, when it comes to parameterizing
the D-dimensional field strengths we could make the naive choice

F(n) = dA(n,l) + dA(n,Q) ANdz, (B.70)

however, like for the metric, the straight forward choice is not as good as it gets. We are
much better off adding (and subtracting) the term dA,_g) A Aq):

F(n) = dA(n—l) — dA(n_g) A .,4(1) + dA(n_g) A (./4(1) + dz) (B.71)
and then define the D-dimensional field strengths

Flpy = dA@n-1) — dAm_2) N Aqy, (B.72)
Fin1) = dAgn-2), (B.73)
where A(y) is the Kaluza-Klein potential that we obtained from circle reduction of (D +1)-

dimensional Einstein gravity.
Finally the relation between the D + 1 and D-dimensional field strengths is found by

. 1 .
F(n) = —F4,..a, NN
n!

1 . (B+(n-1))e
= e By €N NG 4

nl oy Tz & A AN (A + dz)
1 1
= mFal‘“an éal VANEEIWAN éan + mFal‘“an—l éal VANGEIWAN éan71 A (./4(1) + dZ), (B74)

where in the second line we used (B.13)), and in the last line we used the decomposition of
F(y,) into the field strengths F{,,y and F{,,_). Thus

Fpa, =€ "F, 0, Fuyoay o =P Naep (B.75)

where we used § = —(D — 2)a.
Using form notation, we see from how the (D + 1)-dimensional field strength reduces,

that if we have R X
—%*F(n) /\F(n) (B.76)

as the kinetic term for the gauge field in the (D + 1)-dimensional Lagrangian, then upon
circle reduction we obtain in the D-dimensional Lagrangian the kinetic terms

_%672(n71)a¢ * F(n) A\ F(n) — %62(D7n)a¢ * F(nfl) A F(nfl)a (B.77)

where we stress that the hodge duals in this last expression differ from the (D+1)-dimensional
one in the obvious way.

All this business with dimensional reduction will pay off later when we can use this to
make contact between a four-dimensional super gravity theory, namely the STU model, and
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type IIB string theory in 10 dimensions. As an added benefit and indeed a motivation for
performing reductions in its own right, is that we from a small set of higher dimensional
theories can generate all kinds of interesting lower dimensional ones. We just mentioned
the STU model, which we will see in the next section will arise upon several subsequent
reduction steps of truncated type IIB SUGRA theory. Also, knowing that a theory say in
D dimensions derives from one in D + d dimensions via some dimensional reduction, say
successively on circles or T¢ if you like (for toroidal compactification), we know how the
lower dimensional fields relate to the higher dimensional ones, and thus go the other way.
This is known as uplifting, which is notably utilized in [2, |19, 20], where in particular the
uplift of the subtracted geometry from 5 to 6 dimensions in [20] reveals the spacetime as
being locally AdS3 x S3.

Another reference which uses several reduction steps, all the way down to 3 dimensions
is [13]. The three-dimensional perspective reveals what are referred to as hidden symmetries
in [54] that comes along with powerful machinery to generate solutions to the theory. In fact
these solutions, in particular the gauge fields of [13] will be very useful to us when we extend
the work of [16]. Indeed we should comment on the general property that upon multiple circle
reductions or equivalently toroidal compactification the external symmetries of the original
higher dimensional theory are to some extent reincarnated as internal symmetries, such as
the U(1) gauge symmetry associated with the Kaluza-Klein potential .A(;) when reducing on
S1. However it gets much richer for say n successive circle reductions [44], which not only
gives the U(1)" internal symmetry but also other global symmetries, typically GL(n,R).
These symmetries are especially apparent among the scalars; both the pseudoscalars and the
dilatons. We could go on into much more detail, which is very fruitful, but we leave the rest
to be covered in the reference [44].
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C
The STU Model

C.1 A Chain of Dimensional Reduction

In this section we follow the conventions of [54]. We will sketch the route from IIB string
theory to the STU Model via a chain of dimensional reduction. Along the road we will
present the details involved in the dualization of one of the field strengths.

A consistent truncation of type IIB SUGRA compactified over T, involves only the
10-dimensional graviton and RR two-form C’[%R The reduction ansatz reads

2
\/57

where ds* denotes the line element of the four-torus, and Clg) denotes the six-dimensional
descendant of the ten-dimensional RR two-form. The reduction yields the six-dimensional
theory, whose bosonic Lagrangian reads

P
dS%O,string = dsg + 6\/§d8£217 P9 = C[R;]R = C[Q], (Cl)

Lop = Roxs 1 — 4 x5 d® A dD — LeV?® s Fig A Fig), (C.2)
where Fj3) = dCy. We see the field content is that of a graviton, a two-form and a dilaton.

We proceed to five dimensions by circle reduction, employing the standard Kaluza-Klein
ansatz.

dsg = e_\/gql(d?;g + A[ll])z + e%q}dsg,

d
Fig = FGY +dA%) A (dz + Afy), (C.4)
where
(5d) _ o ~(5d) _ 5o |
FY = deg? — dA%) A dAL,. (C.5)

We see that this Kaluza-Klein ansatz is a special case of the general circle reduction discussed
in appendix and one finds that the five-dimensional Lagrangian reads

2
£5:R5*511—%*5dqmdcb—%*5dqmdxlf—%e*2\/gq’*51?[§]AFﬁQ]

—\/2U+20 d d 2U+v20
e aC RN ) 1eirevae F3 N F, (C.6)

where F, [12] = dA[Il].
Next we dualize F; (5d) in favor of a two-form F[Bé}- Recall that in five dimensions the

(3]
two-form 0(25 Y is dual to a one-form A31 . A dualization needs to exchange the roles of the

Bianchi identity and the equations of motion for the gauge fields. A simple way to proceed
is to add the Lagrange multiplier

5d

Tn this chapter we will use square brackets to indicate the degree of the differential form.
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to the Lagrangian L5, since then the equations of motion for Af’l] coincide precisely with the

Bianchi identity for F[(] ). The Bianchi identity is easily transcribed from the above Kaluza-

Klein ansatz. One then proceeds by eliminating F[g]’d) from the Lagrangian L5 + Ly via
its algebraic equation of motion. Treating F[E,)S]d) as a fundamental field we find its algebraic
equation of motion
—y/ 3042 20 p(5d) _
\/> [3] =0. (C.8)
The relevant part of L5+ Ly reads
1 —\/39+V2 20 (5d) (5d) (5d) 2 1
Taking special care with the signs and noting that
(5d) (5d) (5d)
A[l] A dF[3] = d(Am A F[g} )+ dAm A F[g} (C.10)

and that the total derivative can be discarded, we find that in terms of Fé] the new La-
grangian reads

Lh=Rsks 1 — 1 x5d® AdD — L x5 dW A dY — 16_2\/@* Fiyy A Fy
-1 ViR 5 F3 NFG — 4 \f‘l’ VR s By NEY + A NFY A, (C1)

This is equivalent to five-dimensional U(l)3 supergravity [54] where the real special manifold
is parameterized by

e\/g‘{ - e*\/%‘l”\/% B — o VB3 (C.12)

A manifestly triality-invariant form may now be written as

ﬁg = Rs*51 — %Hz] *5 dh' A dh? — %HIJ *5 F[Q] A F

k
L AAR, (Ca3)

where Cjji, = |€;jx| and the only non-vanishing components of H are H;; = (hH)—2
Further reduction down to four-dimensions via the Kaluza-Klein ansatz

d35 f2(dz+A[ 2+ fdss (C.14)

one arrives at the STU model. We suppress the degree of the forms and all Hodge duals are
implicitly in four dimensions, furthermore we remove the hats on the field strengths

Li=R*1—3H;*xdh' Ndhi —3f 2 xdf ndf — 32« FONF°
— L2 Hy xdX' A X — SFHi x (F'+ X' FO) A (F7 4+ 7 F°)
+ 1Cik (XiFﬂ' AFF 4 IXTFO N FF 4 i FFO A F0> . (C.16)

C.2 Two Magnetic two Electric
In 13| 16] they consider the STU Lagrangian of the form
Li=Rx1— % *dp; A\ dp; — %62% *dy; Ndx; — %674‘01 (e‘”ﬂp3 * Fy A By

P2t Py N By e P2t FLAFL 492 9s 4 B2 0 ]32)

—Xl(ﬁ‘l/\ﬁl—i‘ﬁb/\ﬁz), (Cl?)
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where
Fl = d/h — X2 dA2, (C.18)
FQ = dAQ + X2 dA' — X3 d/il + x2X3 d/lz, (C.19)
F1— a4 s dA2 (C.20)
F2 = dA2 (C.21)

We would like to see the connection between this form of the STU Lagrangian and the one
used in [2]. To this end we dualize F, by adopting the duel of As which we shall call B. The
Bianchi identity for F» reads

dFQ —dxa2 A dA' + dxs A\ 1211 — d(x2x3) A dA% = 0. (C.22)
Thus we proceed to dualize by adding the Lagrange multiplier
BA (dﬁ‘g —dxa2 A dA! 4+ dxs A Al —d(xa2x3) A d.%p), (C.23)

to the above Lagrangian £4. Treating F, as a fundamental field, we find its equation of
motion reads . R
dB — e~ 1Tt 9s 5 [y — \ F2 = 0. (C.24)

Using this to eliminate F, from the Lagrangian with the multiplier, we find, after some
manipulation, that the collection of terms involving F5 can be rewritten to

—Llemerteates  GAG A+ dB A (x3dAr — x2d A — x2x3d A%), (C.25)

with

G =dB — 1 F2. (C.26)
Furthermore we see that we can get the Lagrangian to coincide with the manifestly triality
invariant form as in [54]. To do so we need to employ

X1 = —X1, X2 = —X2, X3 = X3» (C.27)
A" =A%,  A'=B, A’=A4,, A=A, (C.28)

and ‘ )
Bl = eP0=2¢i, f=e 3%, o = @1+ 2 + 3. (C.29)

This is more or less remarked on in [18]. They consider a slightly different Lagrange multi-
plier, but it basically amounts to the same thing.

C.3 Truncated STU Model

In [2] they write the STU Lagrangian density as

i 3
Li=Rx1-3H;xdh Adhj—2f2*df/\df—%f3*Fo/\F0
_ngHij*dX ANdx? = L fHij (F'+ X' FO) A (F7 + X7 FY)

+ 201X FI NFF + 103X FO A FY + L0 XFFO A O, (C.30)

where f and h' (i = 1,2,3) are scalar fields, x* are pseudoscalars and F? and F? are U(1)
gauge field strengths. H;;, the metric on the scalar moduli space, is diagonal H;; = (hH)~2,
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and Cjj;i, is a symmetric symbol whose only non-vanishing components are permutations of
C1a23 = 1. The scalars h' are furthermore constrained by the relation h'h%h3 = 1 which needs
to be fulfilled before varying the action.

In the static case, it is sufficient to consider the truncation x* = 0. For this to be
a consistent truncation, a constraint must be imposed among the gauge field strengths.
Varying £4 with respect to x*, as in

X = X 46X, (C.31)
one finds
Ly — L4+ 6Ly (C.32)
where
1 . . . . . )
6Ly = —ﬁHZ-jV“XJVM(SXZ — SfH j(xFY AN FI +2x7 %« FO N FO + <F7 A FO)5x*

+ 10 (FI ANFY + XIFO N FF 4+ LI FFO A FO)sy (C.33)
This implies that the equations of motion for the pseudoscalars with all x* = 0 reads
—LfH;j* FONF) — L fH;; % FINFO + 5C0 F7 N FF =0 (C.34)

which after using
*xANB=%BAA, (C.35)

one finds the constraint among the field strengths
—fH;j % FONFI 4 Cyj. FI AF* = 0. (C.36)
Setting all x* =0
. . 3 . .
Ly=Rx1—LH;*dh' Ndh — Q—P*df/\df— L% FONFY — LfH « F'AFI. (C.37)
And it is tedious although straight forward to verify that with

i = g5~ f=e3m, no = N1+ N2 + N3, (C.38)

one reproduces (6.9).



D
—— Checking EOMs for A_ Matter

Here we verify that the matter (8.56 - 8.59) satisfies the relevant equations of motion.
In [13] they give us the Lagrangian for the truncation xo = x3 = 2 = p3 =0

Li=Rx1— %*dgpl ANdp; — %629"1 *dx1 A dxi
— %e_“"l(*Fl A Fy + xF5 A Fg) — %Xl(Fl N Fy + Fy A Fg) (Dl)

where F} = v/2dA; and Fy» = v2dA,. Tt is straight forward to verify that the equations
of motion for the full bosonic STU Lagrangian are solved by solutions to this truncated
Lagrangian, in other words, that it is a consistent truncation. The field strengths F} and
F5 enter on equal footing, and their equations of motion are identical. Letting F = dA
denote either of F; and F3, the relevant part of the truncated Lagrangian written out in
index notation reads

— e F P+ 1€ Fy Fo, (D.2)
where we have dropped the overall volume form. Varying with respect to A, one finds the
equations of motion

V(e P1FH) — %e’“’p"Fpa Oux1 =0, (D.3)
where the second term simplifies to a derivative only acting on y; since F satisfying the
Bianchi identity dF' = 0.

Starting with F' = F}, we compute and find

2m)? (11, — I1,)%a? cos 6
T e (D4

Ve P ) = —

while the other three components vanish. The second term also vanishes for all but the
¢-component which reads

2 2 2
_eed)trFltr 89X1 _ (Qm) (HC - ]'?:-[/52) a”cost \/i, (DS)
QA
thus Fj solves its equation of motion.
For the other gauge field, it seems we really need to drop the term ~ 1/Q. We can argue
that this term should not contribute, after all we take () — oo in the scaling limit. Then
we find again that it is only the ¢ component of the equations of motion, that is non-trivial.

One finds 5
V(e pye) = -GV L) g (D.6)
QA
and

(2m)3a/ILI0, (11, — II,) 3

—€"" Py Ogx1 = Y 2, (D.7)

and thus F5 solves its equation of motion as well.
Varying with respect to x1 we find that its equation of motion reads

Vp,(@mpl V“Xl) + %E’uypg(Fl,uyFlpg + F2;LVF2p0) =0 (DS)
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Since we are discarding the term ~ 1/Q in flg we only have Fb, non-zero, thus the second

term equates to
4mQ>?(I1, — Tl )a cos

trl¢o _
€ Flt F19¢ = — (Dg)
‘s Ai/Q
Since ¢ is a function of r only we find that the first term simplifies to
4mQ?(I1, — Tl )a cos
P17, Vhy, = 23/2 s , (D.10)
and thus the equations of motion for x; hold.
Varying with respect to ¢; we find.

Vi Ve — 291V, VX1 + e P (Pl P 4 Fop ) = 0 (D.11)

The different terms evaluate to

(Qm)Q(Hc —1Iy)

V. Vtipr = — NG {{ar. - I1,)(r? — a?) + 4mIT,(r — m)},
) (D.12)
2m)2a? (I, — I1,)2 sin%6
_eQWIv,uXIVHXI — _( ) ( A3/2 ) 7 (Dl?))
1 2m)* I I, — (2m)%(I1. — I1,)2a? cos?6
FP (P P Py ) = 2m) ( A)3/(2 L) . (D

We find that the equation of motion for ¢; holds.
Next up is checking the Einstein equations. To do that we need to equate the energy-
momentum tensor, by varying the Lagrangian with respect to g"*¥. We find

1 v v
871Gy T, = 3 [%%&z@l - %(5801)2 + e (@Xlﬁu)ﬁ - %(@(1)2)

peo ZQ: (F P By — %(Fm) } (D.15)
=1

All components on the diagonal are non-zero, and the only off diagonal component that is
non-zero is Ty = Ty This also applies to the Einstein tensor for the metric with A = A_.
The five non-trivial Einstein equations were found to be satisfied by the matter (8.56 -
. We thus concluding that the scaling limit has given matter supporting the subtracted
geometry, and furthermore that this matter is consistent with the STU model. This is not
the most general matter, and we leave it for future work to try and generalize to arbitrary
charges.



E
—— Spherical Reduction of 5D EOMs

In section [7.6] we present the uplift from 4D to 5D and subsequent reduction to 3D. The
uplifted line element reading and the KK-ansatz - . In the following we
shall go through the technical steps of this spherical reduction (5D — 3D) at the level of the
equations of motion.

We see that the magnetic field strengths F of the ansatz are proportional to vols, from
which it follows that its equation of motion is trivially satisfied. This implies that there will
be no equation of motion for these fields in the lower-dimensional theory. For convenience
we reproduce the equations of motion for the matter in the 5D theory [2]:

0= d(HZ-j x5 Fﬂ') — 1CyuFI A FF (E.1)
0=d(xsd¥) — % 5\1;] x5 FU NV, (E.2)
0= d(xsd®) — 3 5<1>] x5 FUA FY, (E.3)

Here x5 denotes the five-dimensional hodge dual, and d the exterior derivative E| To get the
effective 3D equations of motion for the scalar fields from (E.2|- [E.3)), they firstly make use
of the identity

1
*AANB=xBANA= HAM Hp By oop, VOlD, (E.4)
valid for p forms A and B, to find
- - B2
*sFUNFl = Fle*wmmlg A voly. (E.5)
S

Let us derive the above result in some more detail. From the general result valid for any two
p-forms, we get for the forms in our ansatz (7.90))

~ ~ . 1 ~ . . ~ 2
x5 FUNF! = S P E, vols = g ge? (Fy) *vols. (E.6)
From the KK ansatz metric (7.89)), we read off

00 efZU(:):) 56 672U(m)

= , = . E.7
95 Eg 5 E% sin?6 (B.7)

Finally we also realize from the metric ansatz that we can express the 5D volume form as

2U (z)

vols = e volg A vols, (E.8)

simply because /|g5| = v/|g3]/|e2V () ga|. Piecing it all together we see how one arrives at
[E3).

Also present in the scalar equations of motion are the Laplacians. We take a closer look
at how they evaluate given our KK ansatz. We notice that for scalar fields F'(z) that only

! Conventions for form notation can be found in appendix
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depend on z i.e (r,t,z), the gradient dF only has support on M. For any one-form A with
support on M only we find

1
*5A = 561,11,2”9(1) AP dx" ' A dxP2 A dO A d¢

1
= 562[](93)61,1,,2 u AP dx" N dx? A voly (E.9)

= U@ *3 A A vols.

Thus
*5dW = V@) *3 AW A voly, (E.10)

and we find that the scalar Laplacian reads
d x5 dU = e2V@) [d k3 AU + 2dU () A *3d U] A voly, (E.11)

where it is used that d(voly) = 0, and using the product rule d(AAB) = dAAB+(—1)PAAdAB,
where p is the degree of A.

Putting all of this together, one finds that the scalar equations subject to our KK ansatz
give the following effective 3D equations of motion for ¥ and ®

B? (5HZZ
0 = d(x3d¥) + 2dU A x3d¥ — eV Z (E.12)
B? §Hy;
—4U i
0 = d(*3d®) + 2dU A %3d® — le Z 5 vols. (E.13)
Using the general results
*dx ¢ = (~1)P7'V,VF¢ volp, (E.14)
and again
1
*AANB=xBANA= HAM Hp By oop, vOlD, (E.15)
we see that the above equations of motion in component form read.
B? 5Hn
0= V.Vl +2V, UV — Le=4U Z (E.16)
B? 6H”
0=V, V'P +2V, UVFD — L —4UZ (E.17)
S

To reduce the 5D Einstein equations we study the spin-connection and the curvature
two-form. We let éM denote the 5D local Lorentz frame and M, N, . .. flat indices on the 5D
manifold. Furthermore e* and e are respectively the orthonormal frames for the manifolds
M and Y, where by a,b,... we denote flat indices on M, and by «, 3, ... flat indices on Y.
The KK ansatz then gives by our choice of vielbeins

et =e?, (E.18)
e = elVe®, (E.19)

We start by tackling the spin-connection for the 5D manifold, which we denote @™ . We
further denote the spin-connections for respectively M and Y by w®, and w®g. These are
respectively understood to be one-forms, and we are for the moment using index free notation,
to clarify

oMy =@, M ydat. (E.20)
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In general the spin-connection can be derived from the connection, in this case the Christoffel
(torsion-free) connection

- M A My A oA M
W' N =€y e”NFW—eC’NE)Meg . (E.21)

In the case when M and N are supported on the 3D manifold M we get
(i)#ab = e,\ae”bI‘ﬁV — 601,8#60& = w#“b, (E.22)

where the last equality follows from the fact that e® only have support on M, and the
Christoffel symbols
Ty, =T0,=0, wv,Ae{rtz} (E.23)

Similarly, when M and N are supported on Y the 5D connection reads
W% = ex"e” g, — €7 p0ues™ = w3, (E.24)

where the last equality follows from the fact that, again e“ are only supported on Y and
furthermore

Ff;y =0, v, \ € {0, ¢}, we{rt, z}. (E.25)
Finally when there is mixed support, i.e M on Y and N on M, we get
Ou%e = eUer‘e”aF?w — eUe”aaueao‘ = e,\o‘e”af‘i‘w. (E.26)

We need to evaluate the contraction "eel”. The non-vanishing Christoffel symbols that
contribute to this contraction are found to be

ry, =19, =0,U. (E.27)
It follows that
w%, = P,e”, P, =¢Y9,U. (E.28)

There is a sleeker way of calculating the curvature two-form by simply solving the torsion-free
condition
oMy nelN = —deM, (E.29)

We go through such a calculation in appendix Bl
Next we move on to calculate the curvature two form, which we denote ®. The 5D
curvature two form is then given by

éMN = d(i)MN + L:JMP A (.:JPN. (E.30)

Again we go through the different component arrangements, in the same manner as when
calculating the spin-connection.
éab =da% + 0% A U.)bM
= dw® + w A wp® + 0% A p® (E.31)
= 0% + 0% AN ™.
We will now show that the last term on the last line vanishes

B% A ™ = (PPq) A (Pye®) = P*Pynag(e® A e®) =0, (E.32)

which vanishes since e A e® is anti-symmetric in (o, B), and it is contracted with 1,4 which
is symmetric. Thus
0% = 0%, (E.33)
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Similarly one gets

0% = 0% + w%, Awg". (E.34)
The last term evaluates to
W% A" = PoP™ng,(e* NeT) = =Py Png,0%,1e” Ne”. (E.35)
Thus .
0% = 0% — PP 1, 0% 517 Nel. (E.36)

Finally the mixed term reads

0%, = do%, + oy AM,

=d(Pe®) +ws A WPy 4+ 0% AW,

=dP, Ne” + P,de® +wg A P.eP + P.e® AwS,

=dP, N e® 4+ P.e® Aw, (E.37)
= (dP, — w ,P.) N e

= (V.P,)ef N e

= 0% (VePy)e Ne.

To get from the third to the fourth line in this calculation we used the torsion-free condition
to eliminate the two terms in the middle. The expression can in the end be written in terms
of the covariant derivative on the manifold M noting that

VP, =dP, — w P, Veefy =V (E.38)

We can now proceed to use this to find the non-vanishing components of the Riemann tensor,
via

N 1 .
oMy = 5RM npg P A E9. (E.39)

Denoting the Riemann tensor of M by R and that of the compact manifold Y by R we also
have

1 1
0% = fRade e Ned, 0% = gRaﬁvé e Nne. (E.40)

Now we can readily read off the components of the 5D Riemann tensor by inspection. For
instance, starting with

~ 1 -
0% = ERapr el ne? (E.41)
we make use of the relation
. 1 1
0% = 0% = gRade e Net = ERabcd e N éd, (E.42)
and readily find that
R%%cq = R%pca- (E.43)

Similarly, noting that in terms of the hatted vielbeins we have

1
0% = e R €7 N €, (E.44)

we make use of

N

0% = 0% — 6_2UPaPa775[75a0]éU NeéT, (E.45)

to read off
R%gy5 = e YR g5 — 272V Py P60 m5)5. (E.46)
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Notice here that it is the relation e® = e~V é* that gives us the extra factors of e 72V,

There are two more non-vanishing components, both arising from

A~

0% = 0% (VcPy)e Ne
= e U5 (VyP,)e" A éP (E.47)
= —e Us%(VyP,)e? A éb.

We note that ] 1
o1 e ast &P Neb+ o1 %abs e ne’ =e9, (E.48)

where, because ©%, involves a complete contraction of the hatted vielbeins we have to include
two terms on the LHS. Using that the Riemann tensor is antisymmetric in its last two indices,
this cancels the sign arising from swapping the order of the vielbeins in the second term on
the LHS and we find

R é° NEb =02, (E.49)
from which we deduce

R%upp = =65 UV, P, (E.50)

Lastly, using that the Riemann tensor with all indices lowered is also antisymmetric in its
first two indices, we find
R o5 = —1ape UV, P2 (E.51)

These are the only non-vanishing components of the 5D Riemann tensor.
We now move on to calculate the Ricci tensor Ry ny = RPprpy. Again going through
the different types of component combinations:

~ A

Ray = RM oanp
= RCep + R%qab
= Ry — 0% UV P, (E.52)
= Ry — 2¢7 YV, P,
= Rap, — 2(Vy VU + V,UVU).
Ras = RM 5
= R%a5 + R ons
= —nape VP + e 2R3 — 2672V Py P67 g0 (E.53)
= —Nage UV P + e 2URy5 — nage 2V P, P
= e R s — 2(VoUV U)o — (VaVoU ) 0.

A

M
Raa

aM«
baba + Rﬁaﬂa (E54)

I
© 5

Now we are prepared to find the reduced Einstein equations. Recalling the 5D Einstein
equation (using flat indices)

1
Gun =5 | ViIVNT - NV pUVET + Vy UV NT — Ly nVp Vi

+ Hij (F&PF]J\‘]P - %WMNF}QQFiPQ> } , (E.55)
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we proceed to find Ry in terms of the 5D objects. From
Rap = Rap — 2(Vy VU + V,UV,U), (E.56)

we find that R
Ray = Rap + 2(VpV, U + V,UVRU). (E.57)

Now we would like to establish the form of R, from the 5D Einstein equation. To this end
we note that contracting both sides of

Ryn — inunR=Gun = R-3R=G, (E.58)
from which we read off R = —%G, thus
Ryn = Gun — inunG, (E.59)

and finally )
Rab = Gab - %nabG~ (EGO)

Taking the trace of the 5D Einstein tensor we find
G =13 |-3vpuviu - jvpovie - lHijF;'_-,QFJ‘PQ}

=1 [gvcch 3V.OVD — Lt Z H , (E.61)

where in the last line we have used that ¥ = ¥(z), & = &(x) where z = (r,t, 2) and finally
that H;; are the only non-vanishing components, together with the explicit ansatz for F".
Equating

Rab = Gab - %nabG (E62)

we finally get

Ry =2(VyV,U + V,UV,U)

VUV + V0V — Lype U Z Hii (U, ®) (E.63)

The above is the reduced Einstein equations, where one can clearly see that all reference to
the "internal” two-sphere has dropped out.

We finalize this lengthy reduction by looking at what we get from the components of the
5D Einstein equations that are in the directions of Y. Again we start off with the 5D Ricci
tensor

Rop = e 2URop — (VaVOU + 2V, UVU ) 1)0p, (E.64)

together with the relation
R.g=Gop — %HQQG. (E.65)

Noting that the only non zero components of H;;F.¥ Fép are (0,0) and (¢,¢) and read
respectively

H;;ig%® (F§¢)2 = ¢%?B? sin?0, Hiig% (Fdi)g) g% B? sin?6), (E.66)
and that we in turn can express these respectively as

—4U —4U

e e
B} o0, i B} 9o, (E.67)
S
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we find that we can rewrite it with flat indices as
P i U °\ B?
HiFPFhp = e Vnag Z EH (E.68)
We then find s
2
Gap — %G = %6_4[]7’]&5 Z /i H;;, (E.69)
i=1
and we get that the components of Einstein’s equations read
. B
e 2V Rag = 1ap (vavaU +2V UV +3e7 Y S H (E.70)
i=1
Given Rop5 = a3/ E% we clearly see that these equations reduce to
_2 3
VoV 42V, UVU — + 1 Z i = 0. (E.71)
S _

Finally from the fact that all reference to the internal two-sphere drops out, we see that the
reduction is indeed consistent. To close off this lengthy procedure, we note as the authors
have [2], that all four equations of motion can be derived from the string frame action

3
3 2U 1,
Sstring = 1o G /d x\/|gle [R+ €2€ —5 Zl

2AVU)? - §(V0)? - 5<v<1>>2].

T
S

(E.72)
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