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Abstract

The holographic principle proposes a solution to one of the most prominent problems of our time —
the search for a consistent, quantized theory of gravity. According to this principle a theory of gravity
in (d 4+ 1) dimensions is equivalent to a quantum field theory (without gravity) in d dimensions. An
important realization of this conjecture is the Anti-de-Sitter/conformal field theory (AdS/CFT) corre-
spondence. However, since this correspondence is a strong-weak correspondence, it is hard to explicitly
check the holographic principle by calculating observables on the field theory and the gravitational theory
side.

Conversely, higher-spin theories lead to weak-weak dualites, which can provide useful insights into aspects
of the holographic principle [1-3]. Furthermore, since calculations in three dimensions may be done in
the Chern-Simons formulation and are technically less challenging than in higher dimensions, it is often
useful to restrict onself to three dimensions to clear up conceptional issues and obtain a better under-
standing of the holographic principle. In this thesis, we construct a new set of boundary conditions for
spin-3 gravity in three-dimensional flat space. This set of boundary conditions is inspired by the recent
“Soft Heisenberg hair”-proposal for Einstein gravity in three-dimensional Anti-de-Sitter space [4], which
has subsequently been extended to flat space [5] and higher-spin gravity in AdS space [6].

In chapter 2 we discuss the peculiarities of restricting oneself to three dimensions and review the Chern-
Simons formalism and the canonical analysis. In chapter 3 we discuss boundary conditions for gravity in
three-dimensional AdS space and give a review of the Brown-Henneaux boundary conditions [7] and the
near horizon boundary conditions proposed in [4].

In chapter 4 we motivate the respective near horizon boundary conditions for spin-3 gravity in three-
dimensional flat space and compute the canonical boundary charges and the asymptotic symmetry al-
gebra. As in previous, related work [4-6] the boundary conditions ensure regularity of the solutions
independently of the charges. The asymptotic symmetry algebra is again given by a set of {i(1) current
algebras. We find that the vacuum descendants generated by the charges all have the same energy as the
vacuum, i.e. they are higher-spin “soft hair” in the sense of Hawking, Perry and Strominger [8]. Further-
more, we derive the entropy for solutions that are continuously connected to flat space cosmologies and
find the same result as in the spin-2 case: the entropy is linear in the spin-2 zero-mode charges and inde-
pendent from the spin-3 charges. Using twisted Sugawara-like constructions of the higher-spin currents
we show that our simple result for entropy of higher-spin flat space cosmologies coincides precisely with
the complicated earlier results expressed in terms of higher-spin zero-mode charges.
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1 Introduction

1.1 The Search for Quantum Gravity

At the beginning of the 20th century, physics underwent two grand revolutions. First, the Newtonian
theory of space and time was reformed by Einstein’s general relativity, which employed a new, geometrical
understanding of the gravitational force. Second, it was discovered that physics on the atomic and
subatomic scale was also incorrectly described by classical mechanics. The introduction of quantum
mechanics enabled us to understand a vast variety of phenomena and led to multiple technical advances,
while changing our understanding of nature drastically. Today, both general relativity and quantum
mechanics have been very well tested individually and have experienced many successes throughout the
course of the years. General relativity has been praised for its accuracy and has predicted phenomena
in the cosmos, such as the possible expansion of the universe and the possible existence of black holes,
long before they were experimentally accessible. The theory of quantum mechanics in turn led to the
formulation of the standard model of particle physics, which manages to describe the electromagnetic,
weak and strong interactions in a single model.

Throughout the history of science, a reductionist point of view appeared to be successful [9], which was
affirmed by the grand success of Maxwell’s electromagnetism and peaked with the success of the standard
model. Nevertheless, despite many attempts to solve it, the search for a consistent quantized theory of
gravity, i.e. quantum gravity remains one of the biggest physics problems to this day.

One possible theory that unifies the fundamental forces of the standard model and gravity is string theory.
The fundamental objects of string theory are given by one-dimensional objects (strings) that live in a
ten-dimensional spacetime. The different particles of the standard model correspond to oscillations of the
string and the additional dimensions, which are needed for string theory to be consistent, are assumed
to be compactified at such small scales that they are rendered unobservable. Although string theory is
a beautiful theory in terms of mathematics which makes it tempting to believe in its validity, a theory
which aims to describe our universe must also pass experimental tests. Therefore, string theory is often
criticized for not making any testable predictions, since corrections from string theory only appear at
energy scales much larger than the ones that are accessible (~ TeV) at the moment. Note that the same
is true for any consistent theory of quantum gravity, since the Planck length, the scale where quantum
gravity effects are certainly relevant, is too small to be accessible with current experimental technology.

1.2 AdS/CFT and the Holographic Principle

Even if string theory may not be the fundamental theory governing all laws in nature, it has already
led to important advances in physics and mathematics. Among other things string theory led to the
discovery of the Anti-de-Sitter/Conformal field theory (AdS/CFT) correspondence, which in its first ver-
sion by Maldacena in 1997 [10] conjectured a duality (a mathematical equivalence between two theories)
between a type IIB superstring theory on AdSs x S; and a N = 4 supersymmetric Yang-Mills theory.



The AdS/CFT correspondence is an important realization of a more general conjecture — the holographic
principle [11]. This principle proposes a duality between a (d + 1) dimensional theory of gravity and
a d-dimensional quantum field theory, located at the boundary of the gravitational theory. Hence, the
gravitational theory in the bulk can be equivalently described by a quantum field theory living at the
boundary of the spacetime in question. This in turn would allow to freely switch between a gravitational
description and a quantum field theory description in one dimension lower. The name of the principle
was coined by the fact that a hologram in “real life” represents a two-dimensional screen that encodes all
the information necessary to reproduce a given three-dimensional object. The object can thus either be
described as a three-dimensional or a two-dimensional object — both descriptions are equivalent from a
physicists point of view, since no information loss occurs.

A general proof of the AdS/CFT correspondence does not exist, since this would require a full under-
standing of string theory in a curved background, which is lacking at the moment [12]. Nevertheless,
numerous non-trivial tests of the conjectured duality are possible by calculating observables on both sides
and checking whether they are in agreement (for a slightly outdated review see [13]). Although there are
many mathematical tests which suggest that a correspondence exists (for instance integrability provides
numerous checks, see [14] for a review), the question naturally arises whether there are also “real life”
realizations of the holographic principle that confirm that our world is in fact a hologram. The most
prominent example for such a realization in nature is given by the entropy of a black hole. Initially,
black holes were assumed to be objects of zero entropy. Bekenstein found that this assumption would
violate the second law of thermodynamics, since in this case one could decrease the amount of entropy
in the universe by throwing some object with a certain amount of entropy into the black hole. Thus, one
immediately runs into contradictions if one demands that black hole thermodynamics be in accordance
with the laws of thermodynamics as we know them from statistical mechanics. This led Bekenstein to
think that black holes are indeed non-zero entropy objects. In fact, they possess the maximum amount
of entropy possible for a certain region of spacetime. An intuitive way to think about this is to imagine
adding more and more mass to a given system until it collapses to a black hole, endowed with the same
(or more) amout of entropy than before. More precisely, Bekenstein found that there exists an upper
bound for the entropy S of a certain volume V that is proportional to the area of the black hole horizon

5 < Area(0V)

= 1.1
G SBH, (1.1)

where Gy denotes Newton’s constant and 0V is the boundary of V. This comes as a surprise, since
the statistical mechanics definition of entropy as the logarithm of the number of microstates compatible
with a certain macrostate would rather indicate that the entropy is proportional to the volume of a given
system. Due to the fact that the entropy is a measure of information, the Bekenstein bound can be
interpreted as the maximal amount of information that may be put into a region V of spacetime. Hence,
employing a holographic interpretation this suggests that (broadly speaking) the information might as
well be described via a field theory living at the boundary. This and many similar arguments have en-
couraged countless amount of research into this direction.

Although it is interesting to work on, the standard AdS/CFT duality, which deals with gravitational
theories in AdS space (space with negative cosmological constant), can not be directly applied to our
universe, which is endowed with a very small, positive cosmological constant. Therefore, different types
of non-AdS holography have been studied throughout the last years.

One line of research deals with flat space holography, which is particularly interesting, since the cosmolog-
ical constant measured in our universe is incredibly small, making flat space a very good approximation
for most purposes in physics.

To this day, the generality of the holographic principle is still unclear and many open questions re-
main. This Master thesis serves as a modest step towards a more thorough understanding of flat space
holography.



1.3 Higher-Spin Gauge Theories

One extensively studied aspect of (AdS) holography are higher-spin symmetries, which were first studied
by Klebanov and Polyakov [1] and Sezgin and Sundell [2], who conjectured a duality between the large
N limit of the critical 3d O(N) model and the minimal bosonic higher-spin theory in AdS;. On the
gravitational side, these higher-spin symmetries may be considered as generalizations of local coordinate
transformations, while on the field theory side, they correspond to fields with spin! s > 2. On the grav-
itational side “higher-spin” is equivalent to higher-rank gauge field, i.e. spin-1, spin-2 and spin-3 fields
are is denoted by ®,,, ®(,,) and ®(,,) (where the parantheses denote total symmetrization). The metic
9uv, the fundamental field of Einstein gravity, is precisely such a spin-2 field.

Higher-spin excitations appear naturally in string theory, where additionally to the massless modes of
spin s < 2 an infinite tower of massive modes appears. These modes are very heavy and thus unob-
servable at currently accessible energy scales. Through the standard model we are acquainted with the
fact that particles usually aquire mass through some kind of spontaneous symmetry breaking. Therefore,
it is reasonable to ask if string theory is just a broken phase of a superior gauge theory equipped with
additional higher-spin symmetries. If this was the case, one could view string tension generation as a
mechanism of symmetry breaking, since the higher-spin modes become massless in the tensionless limit.
Another interesting feature of higher-spin theories is that they lead to weak-weak dualities in contrast
to the usual AdS/CFT correspondence that relates a strongly coupled field theory to a weakly coupled
gravitational theory (or vice versa). This strong-weak duality can be used to tackle problems like sin-
gularities in general relativity or non-abelian plasma, such as the strongly coupled quark gluon plasma
in quantum chromodynamics, since one may use the duality to switch to “the other side” whenever one
runs into technical problems. However, at the same time this perk is a drawback, since a weak-strong
duality makes calculations on the gravitational, as well as on the field theory side at least difficult, if
not impossible. Since these calculations are necessary for explicit checks of the holographic principle,
weak-weak dualities are very useful.

Still, while writing down a theory of free higher-spin fields is unproblematic, coupling them to gravity is
not an easy endeavor and was even believed to be impossible due to various No-Go results (see [15] for a
summary). In particular, at the end of the 1960s Weinberg [16] and Coleman and Mandula [17] argued
that higher-spin symmetries cannot be realized in a nontrivial field theory in flat space. Fradkin and
Vasiliev [18] showed that this problem may be circumvented by considering higher-spin gauge theories
involving gravity on curved background. Nevertheless, these theories come at the price of needing an
infinite tower of massless fields to be consistent.

The entire situation changes drastically when considering the special case of three dimensions, where
interesting higher-spin theories involving gravity in flat space indeed exist [19], [20]. Only in three dimen-
sions it is known to date that it is possible to write down a consistent theory considering only excitations
up to a certain spin n and thus truncate the otherwise infinite tower of higher-spin fields.

n this context a notion of spin s can be defined through the transformation properties of a field under Lorentz
transformations. On the conformal field theory side this transformation behaviour is determined by the conformal weight
h = s. Therefore, the terms spin and conformal weight will be used interchangable. More information on conformal weights
is provided in appendix C.






2  Prerequisites

2.1 Gravity in three Dimensions

In (2+1) dimensions, gravity has no local propagating degrees of freedom, i.e. gravitational waves do
not exist. In fact, one may show that the curvature of spacetime is completely determined in terms of
the Einstein tensor. To make this more explicit, we first revisit Einstein gravity. The field equations
describing the relation between the curvature of spacetime and the matter and energy distribution are
given by

Gag + Agag =81GNTas, (2.1)

where T, 5 is the stress-energy tensor, G is Newton’s constant, A is the cosmological constant, g,s is
the metric tensor and the Einstein tensor G is defined as

1
Ga,@ =Rap — §ga,@R. (2.2)

The Ricci tensor Rop and the Ricci scalar R are contractions of the Riemann curvature tensor R%_
Rop=Rays, R=g""Rap (2.3)

with
R50p0° = [Va, Vs] 0. (2.4)

Note that in writing down this we have already used torsion freedom of the covariant derivative, i.e.
[Va, V] f =0 for arbitrary functions f. The covariant derivative V,

Vv’ = 0,0 + 17, 07 (2.5)

consists of the ordinary partial derivative 9/0z® usually denoted as 9, plus an additional term Fﬁm7
which defines an affine connection on our manifold. This correction term equips us with a notion of
parallel transport between different points of the tangent space of our manifold.

To define a unique connection and thus, a unique covariant derivative we need torsion freedom (which
we already employed above) and metric compatibility V. gag = 0%. This determines the connection

coefficients FBM, also called Christoffel symbols, in the context of general relativity, to be

1
F’ya@ = 5975 (8595(1 + 60495,@ - 869(16) . (26)

Equations (2.1), (2.2) and (2.4) give an explicit relation between the curvature of space encoded in the
Einstein tensor G, and the matter content of the theory T,,3. In the words of the famous physicist John
Archibald Wheeler: “Spacetime tells matter how to move and matter tells spacetime how to curve.”

2Metric compatibility physically means that angles are preserved under parallel transport.



Now the consequences of restricting ourselves to three dimensions will be considered. Since the Einstein
tensor is a symmetric tensor, the number of independent components are given by %d(d +1). Furthermore,
the symmetries of the Riemann tensor restrict the number of independent components to 5d?(d? — 1).
A derivation of this statement is recalled in appendix D.1. Thus, we find that the Riemann and the

Einstein tensor have the same number of degrees of freedom in three dimensions
1 1

Since the Einstein and the Riemann tensor are related through (2.2) and (2.3), this means that the
curvature of spacetime is completely determined by the matter content of our theory and the cosmological
constant. In the absence of local matter sources (T3 = 0) we have no dynamical gravitational degrees of
freedom - there are no gravitational waves/gravitons in three dimensions. However, theories other than
Einstein gravity in three dimensions allow for (typically) massive gravitons [21].

This suggests that gravity in three dimensions might not be a worthwhile topic to study. Fortunately,
global effects of the manifold allow for interesting solutions, in particular for black hole solutions. The
most famous example is the BTZ black hole solution found by Banados, Teitelboim and Zanelli [22].
Although the BTZ solution is locally AdSs, it differs from global AdS by conserved charges at the
boundary of AdS spacetime. Furthermore, the causal structure of the BTZ black hole differs from global
AdS: the former has two Killing horizons and singularities. Brown and Henneaux showed that these
global charges generate two copies of the Virasoro algebra [7]. In fact, the mass and angular momentum
of the BTZ black hole are the zero-modes of these conserved global charges. Subsequently, this led to the
holographic conjecture that AdS in three dimensions may be described equivalently by a two-dimensional
conformal field theory living at the boundary, see [23] and references therein..

2.2 Introduction to the Chern-Simons Formalism

We have seen in the previous section that gravity in three dimensions does not possess any local degrees
of freedom, and thus is a purely topological theory. This becomes more evident when using a suitable
formulation of gravity — the Chern-Simons formulation. In this section we give a brief introduction to the
first order formulation of gravity in order to pave the way for the following discussion of the Chern-Simons
theory. We will furthermore expand on the Hamiltonian analysis which is used to construct the canonical
charges and hence, the asymptotic symmetries of our theory.

2.2.1 Non-Coordinate Basis
The Einstein-Hilbert action is given by

1

Tenlg) = oo /M By g (R~ 20), (2.8)

where G is Newton’s constant and g = det (g,,,). The equations of motion (2.1) may be obtained from
(2.8) by using the principle of stationary action and neglecting boundary terms. The metric g, is the
fundamental dynamical field of (2.8) and acts as a symmetric bilinear form on the tangent space of the
manifold M. In general relativity one usually chooses a basis for the tangent space with respect to some
(in principle arbitrary) coordinates, the so-called coordinate basis. At a point p of the manifold the
tangent space T}, is given by all tangent vectors at this point. It is common practice to take the set of
derivatives {e, } = {0, } along the set of chosen coordinates as basis of the tangent space. The dual space
of our tangent space is called the cotangent space. It is given by the set of all maps f : 7T, — R and the
corresponding basis elements — either called dual vectors, cotangent vectors or one-forms mathematically

6



speaking — consist of all {dz"}, since (dz",d,) = 6. However, for many purposes, it is advantageous to
employ a first order formulation of general relativity instead of the better known second order formulation
we have already discussed®. First order formulations often strongly reduce the computational difficulty of
a problem. Furthermore, the first order formulation of (2.8), the so-called Einstein-Hilbert-Palatini action,
see (2.15) below, may be rewritten as a Chern-Simons action, see (2.18) below. Since all calculations in
this thesis are done in the Chern-Simons formulation we show explicitly that the Chern-Simons action is
(up to boundary terms) classically equivalent to the Einstein-Hilbert action (2.8), see appendix D.2.

In the first order formulation, the basis of the tangent space consists of an orthonormal set of vectors
{es}, which are not related to the coordinates (i.e. non-coordinate basis). We demand that the inner
product of these basis vectors is given by

G e#‘lel,b = Nab, (2.9)

where 7, is the Minkowski metric. The frame fields {e,} are often referred to as “vielbein”, which means
“many legs” in German, or in three dimensions “dreibein”. The coordinate basis {e,} may be expressed
in terms of the orthonormal basis {e,} as

en=¢€,'eq. (2.10)

In this context, the components of the vielbein ej; are conventionally referred to as the vielbein itself.

One advantage of choosing the tangent space this way is that one can easily promote objects from a flat

(orthonormal basis) to a curved spacetime (coordinate basis). For instance, for a vector v® this means
vt = et v®. (2.11)

a

The introduction of the non-coordinate basis leads to an additional gauge freedom, since we may change
basis vectors independently of our choice of coordinates. In fact, each basis that satisfies condition (2.9)
is equally good. The transformations that connect all valid bases are the well-known Lorentz transforma-
tions. This local Lorentz invariance at each point of our manifold M suggests that an associated gauge
field exists and indeed, this gauge field is given by the spin connection w? = w“budx“. We are now able
to compute the action of the covariant derivative on objects with both coordinate and non-coordinate
indices, since the spin connection provides us with an affine connection with respect to the flat space-
time. The covariant derivative on a generalized tensor carrying both Greek and Latin indices is defined
in analogy to (2.5)

Vv, = 0,0% + wabuvby —1%,,0%. (2.12)

2.2.2 Chern-Simons Formulation of Gravity

Having introduced a non-coordinate basis, we now review the first order and subsequently also the Chern-
Simons formulation of gravity. In the following, we restrict ourselves to three dimensions.
We can use the epsilon symbol to write the antisymmetric spin connection with just one index instead of

two*

a b

w? = —¢*

2
Formally, this is referred to as the Hodge dualization (see appendix B) of the spin connection. The
dualized Riemann curvature can now be defined as

“Whe - (2.13)

R* = %e“bcRbc =dw” + %e“bcwb Awe, (2.14)
3First order or second order formulation refers to the number of derivatives of the fundamental fields appearing in the
action. The number of derivatives of the metric appearing in (2.8) is two, because the curvature tensor is given in terms of
the covariant derivative, see (2.4), which contains the Christoffel symbols (2.6) that in turn contain first derivatives of the
metric.
4Hereafter we omit the form indices of the tensors in question w“z — w? and R, — R%.

7



where A denotes the wedge product defined in appendix B. Now, we are finally equipped with the necessary
tools to rewrite (2.8) in terms of the dualized curvature two-form R* and the dreibein e®

1 A
1 e,w] = ea AR — —eqpee® NeP Necy | 2.15
EHP[ ] 87TGN /M{ a 6 abc } ( )
where A denotes the cosmological constant. This form of the action is referred to as the Einstein-Hilbert-
Palatini action. It is indeed a first order formulation of the theory of gravity, since the curvature two-form
contains only first derivatives of the dualized spin connection. The field equations are then obtained by
varying the action with respect to the two independent fields e* and w®

1 A
R® = dw® + §e“bcwb ANw® = §e“bceb Nel, (2.16)
T% = de® + €%’ Aef = 0. (2.17)

In order to formulate general relativity as a gauge theory, the vielbein e, and the spin connection w,
need to be combined into a gauge field. In three dimensions, we are equipped with the necessary tools
to do so, since both w, and the e, have the same index structure and thus can be linearly combined into
a single Lie algebra valued gauge field. The structure of (2.15) looks very similar to the Chern-Simons
action in three dimensions, a topological gauge theory

2
Ies]A] = L/M (ANAA+ ZANANA) . (2.18)

Due to the fact that both theories are topological theories and have a very similar structure, the question
arises naturally whether one can rewrite the Einstein-Hilbert-Palatini action in three dimensions as a
Chern-Simons action. This is indeed possible and was explicitly shown by Witten in [24, 25]. The
appropriate combination of dreibein and spin connection into a gauge field is

A=e"P, +wJ,, (2.19)
where P, and J, generate the following Lie algebra
[P, Py = —AcavcI®s  [Jas o] = €avcd®s  [Jas Po] = €avcP” . (2.20)
For different values of the cosmological constant the gauge algebra is then given by
e A > 0 (de Sitter): s0(3,1) ,
o A =0 (Minkowski): isl(2,R) :=is0(2,1) ~ sl(2, R)PD,R3 ,
o A < 0 (Anti-de-Sitter): so0(2,2) ~ sl(2, R)Psl(2,R) ,

where @, denotes the semidirect sum, @ denotes the direct sum and “~” means “isomorphic to”. For
Anti-de-Sitter space the gauge algebra is s0(2,2), the global conformal algebra of RY!| which may be
interpreted as a hint for the conjectured AdS3/CFTy correspondence. The final ingredient needed to
rewrite (2.18) as a Chern-Simons action is a non-degenerate’, invariant® bilinear form (,). In general,
such a non-degenerate bilinear form may not be found in any number of dimensions [24], which is another
reason why d = 3 is so special.

The invariant, non-degenerate bilinear form of (2.20) is given by

(JasPo) = Nab,  (Jas Jp) = (Pa, Pp) = 0. (2.21)

5Def: Let (,) be a bilinear form on a Lie algebra g with x,3 € g. The bilinear form (,) is called non-degenerate, if
(z,y) =0Vz € g=y=0.
6Def: Let g be a Lie algebra and x,y, z € g. A bilinear form (,) is called invariant, if ([z,y], 2) = (z, [y, 2]).

8



In (2.18) the bilinear over the wedge product of three gauge fields is a shorthand way of denoting

1
ceaAcAeAb'Yab ) (222)

where v, denotes the bilinear form and f..* are the structure constants of the Lie algebra. The Chern-
Simons action (2.18) together with the generators (2.20) and the bilinear form (2.21) is up to boundary
terms equivalent to the Einstein-Hilbert-Palatini action(2.15) provided that the CS-level is taken to be

k= ——. (2.23)

We provide the explicit calculation in appendix D.2. The equations of motion (EOM) are obtained by
varying (2.18) with respect to the gauge field A

F=dA+ANA=0. (2.24)

By inserting the expression for the gauge field in terms of the dreibein and the spin connection (2.19)
into (2.24), we recover the EOM for the torsion and the curvature (2.16). Eq. (2.24) implies, at least
locally (on some open set in M), that A is a gauge transformation of the trivial connection A = 0, i.e.

A=gtdg (locally) . (2.25)

Moving from the metric to the Chern-Simons formalism brings the technical advantage that one may
now use well-known techniques from gauge theories on gravitational problems, such as using a gauge
transformation to switch to a better suited gauge. Nevertheless, one has to be careful when doing so,
since the gauge transformations that we are considering are usually finite and therefore, will generally
not leave the Chern-Simons action invariant, i.e.

A=g 1 (A+d)yg, (2.26a)
SeslA] = Scs[A] + 6Scs[A]. (2.26b)

We see that an additional term §Scg[A] with respect to Scs[A] appears that is given by [26]

k k
§Scs[A] = — “ldgA) — — “ldgAgtdgngTtdg) . 2.26
cslA] 47?/3M<g gA) 12W/M<g gAg dgngdg) (2.26¢)
This additional term §Scg[A] vanishes, if

e g — 1 sufficiently fast when approaching the boundary of M

o gauge transformations are topologically trivial (such as infinitesimal gauge transformations) .

However, 6Scs[A] does not vanish for general finite gauge transformations. One interesting feature which
will come up again in the following chapters is the connection between diffeomorphisms and infinitesimal
gauge transformations. An infinitesimal gauge transformation generated by a gauge parameter € is given
by

0A=de+[A €. (2.27)

If we now consider a special form of the gauge parameter € = £V A, we get
S¢eva, = 0u€" Ay + €70, A, + 7 [AL AL (2.28)
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Addition of the vanishing term €’ (9, A, — 0, A,,) yields after rearrangement

deva, =€"0,A, + 0,8 Ay +€” (0,4, — 0, A,) + € [A, A = LA, +€°F,, . (2.29)

‘CEAM EVF;“/

Hence, we see that on-shell (F = 0) diffeomorphisms for gravity in three dimensions correspond to
infinitesimal gauge transformations generated by parameters

e=¢YA,. (2.30)

2.3 Canonical Analysis

In this section, we review the canonical analysis for three-dimensional Einstein gravity in the Chern-
Simons formulation. Since our theory has no local dynamical degrees of freedom, the investigation of the
Chern-Simons action (2.18) in the Hamiltonian formalism will give us constraints on the phase space T'.
The review follows [26] and [21] closely. We find a very practical way of computing the canonical charges
and the asymptotic symmetry algebra, which are of great importance in the following chapters. We start
by writing down the action (2.18) in index notation

k 1
IoslA] = /M & ey, (Aa#auA% + 3f‘szmAdyAbA) , (2.31)

where 7,5 denotes the bilinear form on the Lie algebra and the generators T, satisfy

[Ta, To] = if G Te - (2.32)
The gauge field A is a Lie algebra valued one-form

A=A datT, . (2.33)

In the following we assume that our manifold M has the topology of a cylinder M = ¥ x R parametrized
by z = (t,p,). As a consequence X is topologically a disk that we parametrize by ¢ and p with
@ ~ @+ 2m. The coordinates split accordingly

M = L xR (2.34)
t

=(p| = t 2= (Z) . (2.35)
¢

The boundary of the disk is located at some p = pg. This 241 decomposition of (2.31) leads to
k . .
IoslA] = o~ /R dt /E dPa e yap (A% A, + AYGFY, + 05 (A% AY)) (2.36)
with F%, = 0 A% — 05 A%, + f4, A", A%, and € = €. The Lagrangian reads
A k v Aa a a
L[AA] =~y (A Ab, + A% FY,, + 05 (A% A%)) (2.37)
Computing the canonical momenta from (2.37) gives
i i ko b
¢aﬂ = ﬂ-au - —e ’YabA v~ 0,
47
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o =m0 ~0. (2.38)

The fact that the spatial canonical momenta are proportional to the fields themselves means that in-
troducing canonical momenta is redundant, as we can just describe our entire phase space by using the
gauge fields themselves. Furthermore, the canonical momentum of the temporal component of the gauge
field vanishes. This means that the fields A%, are not dynamical fields, since a kinetic term for them in
the Lagrangian is missing. All physical fields that we know of bring about kinetic terms. Thus, it seems
natural to exclude A%, from the physical phase space of our theory. Instead A% may be interpreted as
Lagrange multipliers enforcing the field equations Fj5 = 0.

If one goes from the Lagrangian formalism to the Hamiltonian formalism, the time derivatives of the
canonical coordinates ¢ are replaced by their canonical momenta p

{e.q — Aap}, (2.39)
L(q.q) — Hgp), (2.40)

where in our case the role of the canonical coordinates is played by A, and the the canonical momenta
are denoted by 7. However, if one would simply replace the velocities A’IM by the canonical momenta
(2.38) one would effectively lose degrees of freedom, since the canonical momenta only depend on A
This tells us that there exist constraints ngm(A“#,Aa#) = 0, which restrict our phase space I' to the
physical subspace I'1. In our case these constraints are given by (2.38).

This also explains why we wrote “a” instead of “=" in (2.38). From now on we will have to distinguish
between weak (=) and strong (=) equalities. Two functions f, g in phase space are weakly equal (f = g),
if they are equal under restriction to a constraint surface. In our case this constraint surface has to
include I'y. If f and g are equal independently of the constraints, they are called strongly equal (f = g).
The Poisson brackets of the canonical variables are defined as

{A%,(x),m" (v)} = 0%0,/0*(x = y), (2.41a)
{Aa®,, A%} = {m ', 7"} =0. (2.41b)

After this discussion we return to further development of the Hamiltonian formalism. Let us consider
the canonical Hamiltonian density H., which may be obtained from the Lagrangian density (2.37) via a
Legendre transformation

He=mhAl — L~ 756*‘”%&, (A%GFY, + 05 (A% AY)) (2.42)

where we already used (2.38). Throughout calculations involving H., we must be consistent with the
constraints of our system. Instead of enforcing the constraints by hand each time, it is useful to introduce
the total Hamiltonian

Hr = He +u, 0" (2.43)

a

where the constraints (2.38) are added, using arbitrary multipliers u .- From this one may infer the

following relations (also see appendix D.3)
OHr  OH. p 0Py .
ond  Ord tu Yord A (2.44a)

OHr _ OH. _ , 9  OC

= = ~ —7h .
9AF ~ oAl T vaar A) = TTas (2.44D)

which together with the constraints
bl =0, (2.44c)

11



give exactly the EOM that can be derived from the variational principle in the Lagrange formalism
5 / d’zL = / dPa (nh A% — Hy +u®, ) (2.45)

Using the definition of the Poisson bracket (2.41a) and the Hamiltonian EOM (2.44) we may deduce for
an arbitrary function g = g (A*, 7,/) that

0g OH 0g OH dg .
{gvHT}:a J - g : ~ g Aau+

dg ., .
Ad" omd" ond 9AS T 0AL =9- (2.46)

T
on' ¢

2.3.1 Consistency Equations

Since we are dealing with a constrained system, it is natural to demand that time evolution takes place
on the constraint surface. This may be regarded as a consistency requirement. Hence, we require that
the primary constraints are conserved during the time evolution of the system, i.e.

q'sal»t = {qsa#vHT} ~0. (247)
This leads to the conditions
ko
K., = _EEW%Z)F a ~ 0, (2.48)
VA% — u“ﬂ ~0, (2.49)

where VX = 95X° + f“bCAbﬂX ¢ is the covariant derivative. Equation (2.48) leads to a secondary
constraint, while (2.49) determines u®,. At last we may employ the Hamiltonian EOM (2.44) to simplify
(2.49). Due to the fact that canonical momenta only appear within the constraints, differentiation with
respect to them just gives us the Lagrange multipliers

A, = gZZ =ul. (2.50)
This allows us to rewrite (2.49) as
VaA% —u", = VA% — 00A%, = 0zA% — 00A”, + f4.A", A% = F ~ 0. (2.51)
Plugging (2.48) and (2.49) into (2.43) we may write the total Hamiltonian as
Hy = A%Ka +uyo L + 0p (A%m,") (2.52)
with - )
Ko =Ko — Vaoh. (2.53)

Up to now we were differentiating between the constraints in terms of primary and secondary constraints.
However, the discrimination that is physically relevant is the one between first class and second class
quantities. While first class constraints generate gauge transformations, second class constraints do not.
Instead they restrict the phase space.

A variable f = f(p,q) is called first class if it has weakly vanishing Poisson brackets with all other
constraints in the theory. If this does not hold, the variable is called second class. We compute the
Poisson brackets of the constraints ¢, K, by employing the commutation relations (2.41a) and find that

(056, (¥)) =~ ey (x— y) (2.54a)
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= —filol i (x—y), (2.54b)

{0 (%), Ka(¥)
Ky = —f K% (x —y). (2.54c¢)

{Ka(x), Ko (y)

All Poisson brackets involving ¢,” vanish identically. From (2.54) we see that only ¢,° and K, van-
ish weakly with every other constraint and are thus first class constraints, while ¢ are second class
constraints. Since ¢/ are not generators of gauge transformations and hence effectively restrict our
phase space, we would like to encode this information not only in the Hamiltonian (as we already did
by H. — Hr), but also in the time evolution of our system, i.e. the Poisson brackets. Inclusion of the
second class constraints promotes the Poisson brackets to Dirac brackets. For the case at hand this means
treating the second class constraints ¢/ &~ 0 as strong equalities, i.e. ¢,/ = 0. This way we obtain the
Dirac brackets

}
}

(47 -=

ﬂ,AbD}DB == habeﬂg(SQ(x -y), (2.55)

where €5 is obtained via ezze®” = o 5. Now we are finally able to verify that counting the degrees of
freedom per spacetime point x in the Chern-Simons formalism gives in fact zero — as expected. The
number of degrees of freedom # is given by

#=N— (2N, + Ny), (2.56)

where N denotes the dimension of our phase space, Ny is the number of first class constraints and N»
is the number of second class constraints. Note that each first class constraint comes with exactly one
related gauge condition due to the fact that first class constraints generate gauge transformations. After
fixing the gauge the gauge conditions (first class constraints) may be treated the same way as second
class constraints. Hence, these constraints have to be taken into account into the Dirac bracket. Note
that since no first class constraints appear in (2.55), the relation does not change. The phase space at
a point x is spanned by the fields A%, (x) and their canonical momenta 7, (x) and has the dimension
6D, where © denotes the dimension of our Lie algebra. The number of first class constraints (¢,°, I@a) is
N; = 29, the number of second class constraints (¢,/) is N2 = 2D. Hence, we indeed find that

#=6D—(4D9+4+29)=0 (per point). (2.57)

This counting is valid at each point and thus gives co — co in total. Hence, it could yield something
finite or infinite of “lower degree” (read: “zero per point”). It is therefore no contradiction with later
statements that a physical state space in three-dimensional gravity indeed exists due to boundary states.

2.3.2 Generators of Gauge Transformation and Canonical Boundary Charges

In the previous subsection we have already mentioned that first class constraints generate gauge trans-
formations. We now explicitly construct their gauge generator G. Per definition, G generates gauge
transformations by acting on the dynamical variables via Dirac brackets”. In 1982 Castellani developed
an algorithm for the construction of all gauge generators of a constrained Hamiltonian system [27]. Gen-
erally speaking, the procedure goes as follows. We start by taking the subsequent ansatz for the gauge
generator

Gle®)] = e® ()G + eF V(1)1 + ... + €(t)Go, (2.58)

where G, has to be a primary first class constraint and all other G,,(n < k) must be first class constraints
that satisfy

G, =Cprrc, (2.59a)

"Note that the entire procedure is insensitive to the existence of second class constraints, since their only effect is to
reduce the phase-space of the theory.
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Gi—1+ {6k, Hi} = Cprc, (2.59b)

{Go, Hr} = Cprc . (2.59¢)

Hence, one starts with a primary first class constraint and calculates its Dirac bracket with the total
Hamiltonian to determine the gauge generator up to primary first class constraints. The procedure stops
when we obtain the constraint Gy, for which the Dirac bracket with Hp again gives a primary first class
constraint. Note that one must at each step try to add suitable primary first class constraints in order
to find the basic gauge generators G, which cannot be split into a sum of independent gauge generators
> mzk Ym- One finds that for the case in question the minimal chain is given by

G ="K+ Doen,0. (2.60)

For our purpose it is useful to define the so-called smeared generator, which is obtained by integrating G
over the spatial surface X

G= / %z G = / d’z (e"K,° + Doe’n,’) . (2.61)
b b
One can show that the gauge generator creates the following gauge transformations via d.e := {e,G[e]}®
0 A% = Doe®, (2.62a)
0 A% = Dpe®, (2.62b)
bl = —f.oem 0 (2.62¢)
I
dem ! = 4—6””%1,8,761’ — fagebﬂ' (2.62d)
St = —f.iebm P (2.62¢)

In principle, this would be the end result for our generators. However, the fact that we are considering a
theory with a boundary leads to respective boundary terms, which render the generator G non-functionally
differentiable. This we wish to avoid that at all costs, since the generators act on dynamic variables via
Poisson brackets and thus should have well-defined derivatives. Let us consider a variation of the gauge
generator G in field space for field independent gauge parameters, i.e. de = 0

6Gle] = / (6 (Doe"m,”) + €*6K,) = / d%( %CecwaﬂaAbﬁD#eaawaufeﬁ”%baﬂeambﬂ
by by u
— 0 (ke“”fy pe?0 A%, + %o, >) . (2.63)

The first three terms are bulk terms and do not spoil functional differentiability, but the last term — a
boundary term — does. Since we require our canonical generators to be functionally differentiable, we
improve their form by adding another boundary term that precisely cancels the boundary term in (2.63),
ie.

6gdiff[€] = 6g[6] + (SQ[E] y (2.64)

where the variation of the canonical boundary charge is given by

6Qle] = / d*z 0y (kewmea(mb + €20,/ ) (2.65)

8Throughout the entire thesis we differentiate carefully between d¢, which is an abbreviation for the action of a gauge
generator on a variable e via d.e := {e,G[€|}, and §, which stands for the variation in field space.
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This expression may be further simplified by setting ¢/ = 0 and hence, going to the reduced phase space.

5Qle] = / d*z 0; <kew%beaaAb +ea5(’; ”%bAb,,» il / A%z 0 (" YapeA”)
2

o
a k .
:%/de dL)DP)Iab6 (ap(ét-f/(sAbap)—'_aW(S’%éAbP)):%Ld(Wabf 5Ab) (266)

The use of Stokes’ Theorem” leads to the following expression for the variation of the boundary charge

k

50l = 5= [ dpnueradl

5 dgp (e0A,) . (2.67)

T on
Whether this expression is functionally integrable depends on the explicit form of the gauge parameter e
and thus on the theory under consideration. For constant ¢ we may trivially integrate (2.67) and get

k

Ole] = 2 oy de (eAy) . (2.68)

2.3.3 Asymptotic Symmetries

Finally, after having laid the groundwork by performing the canonical analysis, we are able to discuss the
asymptotic symmetries of our theory. Asymptotic symmetries are symmetries that leave the proposed
asymptotic form of the field in question — in gravitational theories this would be the metric or the Chern-
Simons connection — invariant. This, however, does not mean that the solution does not change, but
rather means that under the action of an asymptotic symmetry a solution is mapped to a generically
physically distinct solution, which differs from the original one by global charges such as (2.67). The
algebra of asymptotic symmetries is determined by the Poisson brackets of the improved gauge generator
Gaifr, which are promoted to Dirac brackets in the context of constrained Hamiltonian systems.

{Guainlel, Gaa[Al} = Gainlo (e, N)] + Z[e, A], (2.69)

where Z[e, A] denotes possible central terms and o (e, \) denotes a composite gauge parameter. As already
discussed in section 2.3.2, promoting Poisson to Dirac brackets in our case means that the second class
constraints are strongly set to zero. Additionally, after fixing the gauge, also the first class constraints
are strongly set to zero. This in turn means that the bulk part of the gauge generator, which is just
the sum of first class constraints multiplied by certain parameters, see (2.60), identically vanishes. Thus,
the asymptotic symmetry algebra may be determined by computing the Dirac brackets of the canonical

boundary charges
{Qle], Q[AI} = Qlo(e, M)l + Zle, A (2.70)

In general, this asymptotic symmetry algebra may be determined by “simply” evaluating the Dirac
brackets using (2.55). As this is often rather cumbersome, we will employ a shortcut to determine the
asymptotic symmetry algebra throughout this thesis. Given two functions V, W and a canonical boundary
charge Q€] f dy e(x)V(x) one may use the fact that this charge is the generator of infinitesimal gauge
transformations

beo = {, Qle]}. (2.71)
So, if one knows the transformation behaviour of W under gauge transformations one can determine the
Dirac bracket of {V(¢), W(p)} via

5V(0) = QI W)} = / dp e(x){V(x), W(y)} . (2.72)

fM dw = faM w, where d denotes the exterior derivative.
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Before closing this section and thus the review of the canonical analysis, we want to demonstrate the
relation between the canonical boundary charges and physical properties of the system in consideration,
already advertised in section 2.1. We recall our current knowledge: First of all, we know that the algebra
of gauge transformations is spanned by (2.70). Furthermore, we know that certain gauge transformations
correspond to diffeomorphisms (on shell), see (2.28). The last piece of the puzzle is Noether’s theorem,
which states that every continuous symmetry transformation leads to a related conservation law. In the
present formalism this theorem is realized the following way: Killing vectors £ are generators of isome-
tries, flows that preserve the form of the metric. Thus, Killing vectors generate symmetry transformations
that preserve the notion of distance on our manifold. Statements well known from classical mechanics
that claim that the Hamiltonian H and the angular momentum operator J are the generators of time
translations and rotations, respectively, can now be translated into the Chern-Simons formalism. The
Killing vectors & = % and Kk = ai are related to the parameter of gauge transformations through (2.30).
Thus, mathematically speaking we find that
M= Qle—erA, = A] X E [ a0 A, (2.73)
2 K>
(2.68) k

T =Qle=ra, = A" o |

dp (ApAy) (2.74)

2.4 Anti-de-Sitter Spacetimes

As we have seen in section 2.2, one particularly practical feature of spacetimes with negative cosmological
constant is that the gauge algebra s0(2,2) is a direct sum of two copies of s[(2,R). We now explicitly
perform the split, since it will be used heavily throughout the entire next chapter. We start by defining
the new generators as

J:t

a

(Ja £1Pg) . (2.75)

N |

These new generators satisfy
[J(—;?J;] =0, [‘]z::::wjbi] :eabCJét' (2'76)

The split can now be explicitly realized via

T+ 0 0 0
+ _ a - _
Jr = (0 0) , J, = (0 Ta) (2.77)

where both T} and T, satisfy an s[(2,R) algebra. Furthermore, we deduce the following bilinear form
for T} and T, from (2.21)

l o l
<T2_7T;r> = 577ab7 (T, » Ty )= _inab : (2.78)
It is now possible to rewrite the gauge field A as
_((w+ Fer) TS 0 (AT 0
A= ( 0 @ —teyr; )= Lo A ) (2.79)

Thus, after implementation of this split the Chern-Simons action (2.18) splits into
SIA*, A7) = Sos[A*] + Sos[A7], (2.80)

with the invariant bilinear form given by (2.78). However, due to the fact that both T and T, satisfy an
s[(2,R) algebra, it is convenient not to distinguish between the two generators, i.e. setting T, = T} = T, .
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The only issue one has to take care of when doing so is the minus sign appearing in (2.78). However,
the minus sign can easily be introduced manually by taking instead of the sum the difference of the two
Chern-Simons actions in (2.80), i.e.

S[AJr, Ai] = Scs[AJr] — Scs[Ai} . (2.81)

Obviously, the split has to be taken care of whenever the bilinear form appears, which is also the case in
the canonical boundary charges, i.e.

Qle’,e7] = Q"] — Qle7] (2.82a)
with k &
N +5 A+ -1 —SA-
Qlet = o= [detersay), Q=4 [dolesny). (2.82b)
The metric may be recovered from (2.79) via
s - A+ -
Guv = 5 <AH - A;L ) AI/ - Al/> ) (283)
since
12 _ P e eb, (278) 4 o
G = 5 (A: - AH,AIT —A)) = 3 QT“T (Ta, To) =" €%,€" Nab (2.84)

which is just the usual expression of the metric as the contraction over the local dreibein, see (2.9).

Change of Basis
Until now it was convenient to use the generators T, as a basis of the s[(2,R) algebra given by
[Ta, To) = €45 Te (2.85)

and equipped with the bilinear form (2.78). However, throughout all the calculations in chapters 3 and 4
we employ a different basis for the s[(2, R) algebra in order to be in accordance with the notation in [4-6].
The change of basis is defined by the following linear combination

Lo =Ty, (2.86)
Li=Tg+4+ Ty, (287)
L1=Ty—Ts. (2.88)

Furthermore, we absorb the AdS radius [ into k via

1 I
k= —— _— 2.89
Gy 1Gx (2.89)

Clearly, the generators L,, still fulfill the s[(2,R) algebra (after all, only the basis was changed), which
may be written as
[Ln, L] = (0 — m)Lypom , (2.90)

where n runs from —1 to 1 and the bilinear form is given by

L L1)=—1,  (LoLo) = % (2.91)
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2.5 Anti-de-Sitter Higher-Spin Gravity

As already mentioned in the introduction higher-spin gravity theories provide an interesting class of grav-
itational theories, exhibiting more symmetries than just diffeomorphism and local Lorentz invariance.
Furthermore, we recall that only in three dimensions it is known to be possible to write down a consistent
theory considering only excitations up to a certain spin n. An interesting (and potentially confusing)
aspect of higher-spin theories is that the metric and associated notions such as Riemannian curvature,
singularities or horizons are not gauge-invariant entities anymore. Nevertheless, field configurations exist
that may be most naturally interpreted as higher-spin black holes or higher-spin cosmologies'?, i.e. solu-
tions equipped with some characteristic gauge invariant quantity such as some characteristic temperature
and entropy (see [28] for a review). Therefore, since a straightforward geometrical interpretation is not
possible in the metric formalism while the extension from ordinary spin-2 gravity to higher-spin gravity
in the Chern-Simons formalism is fairly straightforward, one usually employs the latter formulation when
discussing higher-spin gauge symmetries. Additionally, the Chern-Simons formulation has a precise no-
tion of gauge invariance that can be extended to higher-spin symmetries. In the Chern-Simons formalism
regularity of a black hole can be defined through holonomies (see [29], [30]) of the connection A; geodesics
and their proposed higher-spin extensions can be related to Wilson lines (see [31]).

The extension from spin-2 to spin-N gravity in the case of AdS can be performed by simply replacing
the gauge group s((2,R)@Psl(2,R) by sl(N,R)Dsl(N,R). It was shown in [32] that for N > 2 such a
Chern-Simons theory describes a theory of gravity coupled to a finite tower of massless integer spin-s < N
fields. Thus, the problem of incorporating the usual spin-2 gravity into the higher-spin theory reduces to
the problem on how to embed s[(2, R) into s[(N,R). Dependent on the embedding qualitatively different
higher-spin theories are obtained. However, note that one can also use different gauge algebras such
as hs[\|@Phs[)] as a gauge algebra, which describes spin-2 gravity coupled to spin fields s = 3,4, ...00.
In this thesis we will focus on the principal embedding of s[(2,R) — s[(3,R) or isl(2,R) — isl(3,R),
respectively!!.

Hence, higher-spin gravity in the principal embedding for A < 0 can be described by a sl[(N, R)Psl(N, R)
Chern-Simons theory with the corresponding action given by (2.80) and (2.18) with the bilinear form
denoting the trace with respect to sl(N,R). Furthermore, the Chern-Simons level k is adjusted such that
it matches the normalization of the Einstein-Hilbert action, i.e.

l
A 2.92
8GN (Lo, Lo) ( )
with )
N (N -1

where Ly is the Cartan subalgebra generator of s[(2,R) algebra contained in sI(N,R). The metric can be
obtained from the Chern-Simons connection via [28]
12

— + A= AT _ A-
G = 3oy A A AT AL (2.94)

10Flat space cosmologies represent flat space analogons to black holes in three dimensions, since they exhibit a cosmological
horizon and they carry a mass and an angular momentum.

11We recall (see section 2.2.2) that since isl(2,R) ~ sl(2,R)P,R3, a certain embedding sl(2,R) — s[(3,R) implies an
embedding isl(2, R) < isl(3,R).

18



3 Boundary Conditions for AdS Space

In field theories the physical content of the theory is given by the field equations and the boundary
conditions. While it is common practice in non-gravitational theories to demand that the fields asymp-
totically vanish, demanding that the metric asymptotically vanishes at the boundary of spacetime is a
highly unnatural choice for gravitational theories, which results in a singularity. Nevertheless, while in
other field theories vanishing of the field in question just denotes a transition to the vacuum state, a
singularity in general relativity usually denotes either a problem in the theory itself or a physically very
distinct point like the center of a black hole for instance. Hence, these boundary conditions would lead
to highly unnatural spacetimes.

Instead, a better approach is to assume that the metric asymptotes to a certain solution of Einstein’s
equations. In particular, for the case of flat space one assumes that the metric g asymptotically takes
the form of the Minkowski metric 7. In the cases of de-Sitter and Anti-de-Sitter the most natural choice
is to assume that the metric asymptotes to global de-Sitter gqg or Anti-de-Sitter gaqs spacetime. In the
following we consider three-dimensional manifolds M, which are taken to have the topology of a cylinder
M =¥ x R, parametrized by z° = (¢,7, ). The boundary of the cylinder is then located at r — oco.

gr—o —% n + subleading terms, (3.1)
Jrco =% gaas + subleading terms, (3.2)
grso —3 gas + subleading terms, (3.3)

It is furthermore important to recall that global de-Sitter/Anti-de-Sitter space in global coordinates is
given by

2 r? 2 r2\ 7 2
ds?q = — (1 - 12> dt* + (1 — 12> dr® +r?dp?, (3.4)
2 2\ 1
ds? 4 = — (1 + ;) dt* + (1 + ;) dr® +r2de?, (3.5)

with the cosmological constant given as A = 41/I2, respectively.

3.1 Brown-Henneaux Boundary Conditions
The objective of this section is to specify what we mean by asymptotically Anti-de-Sitter spacetimes,
i.e. we will consider a set of metrics that approaches the metric of AdSs in a certain way when going to

infinity. Asymptotically AdS spacetimes in the sense of Brown and Henneaux are required to fulfill the
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boundary conditions

2

Jit = —%2 +0(1), (3.6a)
wro<$>, (3.6)
gr, = O(1), (3.6¢)

_ L 40 ( ) (3.6d)
( ) (3.6e)
240

(3.6£)

where O(r™) denotes that the fluctuation of the corresponding metric component behaves at most pro-
portional to r™. These boundary conditions may equivalently be stated in the Fefferman-Graham expan-
sion [33], where the metric is expanded in orders of 72 and the proposed form of the metric is taken to

be
2

ds® = 7{—2 dr? 4, (r, #%) dz* dz? (3.7a)

with X = (t/1,). Close to the boundary r — oo the tensor v;;(r, %) may be expanded in orders of r?,
ie.

vij = rig (@) + 0(1). (3.7b)

We call metrics asymptotically AdSs in the sense of Brown and Henneaux, if
9 dz' da’ = iy di' A3’ (3.7¢)

Thus, the Brown-Henneaux boundary conditions may be regarded as Dirichlet boundary conditions with
a flat boundary metric on the cylinder located at infinity [34]. It was shown by Bafados in [35] that
the most general solution subject to the boundary conditions (3.6) and (3.7), respectively, (up to trivial
diffeomorphisms'?) is given by

2 2 2 2 2
ds? l—dr (rd ++2—l£ (z )dx‘) (rdx—+;;fz:+(x+)dx+) , (3.8)

where k = [/4G y is the Chern-Simons level and we employed light-cone coordinates z* = % + ¢. The
solution space is parametrized by two arbitrary functions £_(z~) and £, (z") and contains, among
others, the following solutions:

« Global AdS; in global coordinates £_(z7) = L (27) = &

« BTZ black hole for £ (z7) = -2 (Ml —J)=const and L_(z7)=—2% (Ml+J)= const

The functions £_(z~) and L, (z) are also referred to as state-dependent functions, since they depend
on the state, i.e the particular solution of our system. Note that requiring that a given metric is part of
this most general class (3.8) of solutions (up to trivial diffeomorphisms) is equivalent to prescribing the
fall-off conditions (3.6), (3.7) for the metric components at large distances.

Another useful set of coordinates, which will be used in the following are the Gaussian coordinates, which

12By trivial diffeomorphisms we mean diffeomorphisms that do not change the canonical boundary charges.
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Figure 3.1: Spectrum of the Brown-
Henneaux (= asymptotically AdS) boundary
conditions taken from [36]. Black holes exist
for M > 0, |J] < Ml. Global AdSs is sepa-
rated by a gap from the continuous black hole
spectrum. For M < 0 conical singularities ap-
pear in the spectrum: a conical defect occurs
if ¢ has a period less then 27 as it is in the
case of a cone — the result is a curvature sin-
gularity on the tip. A conical excess means
. Relobal Ads that the period is greater than 27, which also
conical excesses lts i ineularity.
results in a singularity

conical defects

are obtained from the global coordinates by transforming the radial coordinate acoording to r = e”[. In
Gaussian coordinates (3.8) becomes

2w 2 _\2 47?2 _ _
ds? = I2 {d;ﬁ - {L+(dx+) +L£_(dz7) } - {e2p + o LeLoe 2P} datdz ] . (3.9)

where £, = L (%) and L = L_(27). Following the discussion of section 2.4 we know that metric
(3.9) may equally be described using two Lie algebra valued gauge fields A™ and A~ (Chern-Simons
gauge fields) that fulfill s[(2,R) (see appendix A.1 for details on the algebra) We partially fix the gauge
by choosing

A% =b7! (aF (2F) +d) by (3.10a)

with
by = by(p) = etrko (3.10b)

and a*, hereafter also referred to as “auxiliary connection”, being given by
27
at =+ <Li1 + kﬁiLq:l) da* . (3.10c¢)

Different solutions parametrized by distinct and generally non-constant values of £, and £_ may be
connected through finite gauge transformations (2.26a). These improper gauge transformations are not
true gauge transformations in the sense that they leave the system in question invariant. Actually, they
change the canonical boundary charges which in turn — as the following computation explicitly shows —
define physical properties of the system in consideration. This way a BTZ black hole parametrized by
a certain mass and angular momentum may be mapped to global AdS through a gauge transformation,
which changes the canonical boundary charges. These gauge transformations are precisely spanned
by the asymptotic symmetry algebra, which is per definition (see section 2.3) the algebra of gauge
transformations that preserves the boundary conditions given by (3.6) or (3.7) modulo proper gauge
transformations. Thus, the asymptotic symmetry algebra solely contains improper gauge transformations.
The spectrum of solutions is given by (3.10) or (3.9), respectively can be nicely summed up in a picture,
see Fig. 3.1.

3.1.1 Canonical Boundary Charges and Asymptotic Symmetry Algebra

In the following, we determine the asymptotic symmetry algebra in accordance to the procedure we
already discussed in section 2.3. We consider infinitesimal gauge transformations generated by parameters
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¢*, which we choose as
et =brtet (2t) by (3.11)

with by given by (3.10b). Assuming this specific form for the gauge parameters €™ and €~ is smart, since
this takes us to the gauge of the auxiliary connection a. Furthermore, (3.11) already implements the
information that improper gauge transformations preserving the form of a* = a*(z*) and a™ =a™ (z7)
should only act on the subspaces spanned by T and 2~ respectively'®. The asymptotic symmetry algebra
corresponds to the set of infinitesimal gauge transformations

Sexa® = det 4 [aF, €T, (3.12)
that preserve the form of (3.10). These transformations take the form
N2
ei(l‘i) =MLy F )\/iLO + (2 + Ei/\i) L+, (3.13)

where A1 = Ay (2%) are arbitrary parameters and prime denotes a derivative with respect to the argument
of the function, i.e. f/(z%) = 9,« f(#%). Under the transformation defined by (3.11) and (3.13) the
functions £4 and L£_ transform according to £y — L4 +0.+L4 and L_ — L_ + §.- L_ with

b+ Ly ==+ (/\iﬁli + 2£'i/\/i + iAl’) . (3.14)

Thus, under a boundary condition preserving transformation g, parametrized by (3.11) and (3.13), one
solution is mapped to a physically distinct solution. This solution is now parametrized by different
state-dependent functions £ and £, but takes the same form, i.e.

ot =aT(Ly) »at =aT (Lo +0:Ly). (3.15)

The variation of the canonical boundary charges associated with the asymptotic symmetries spanned
by (3.12) and (3.13) may be readily calculated in the Chern-Simons formalism, see (2.82) and (2.67).
Furthermore, we may use the fact that the boundary charges Qle™,e™] = Q[et] — Q[e~] stay invariant
under a change of gauge from the connection A to the auxiliary connection a, since

k y k _ _
6Q*[et] = > /d<p< T6AY) = 2ﬂ_/d<p (b7 et 5(b7 (af + d)by))
oy =0 K /d@ Letsatby) = /dgp (c*dat) | (3.16)

where we used cyclicity of the trace in the last step'*. Obviously, the same line of reasoning may also be
followed for §Q~[e~] and thus, by using (3.12), (3.13) and (A.2) we obtain

k _ k
§QT[ef] = g/dg@ (etoAl) = Py /dap (etoa}) = /dcp AL, (3.17a)

§Q7 [e7] = %/dgp (€764,) = %/dcp (€ da,) = —/dap)\,éﬁ,. (3.17b)

These charges are integrable, finite and conserved in time. The asymptotic symmetry algebra can then
be computed via d, Qlea] = {Q[ea], Qle1]} by employing the usual trick (2.71). Using the transformation
behaviour (3.14) and decomposing £, and £_ into Fourier modes

emeL dyp, (3.18)

k .
+ = 2 [ ime -
L 27?/6 Lidp, Ly =5

13This can of course also be derived by simply inserting a general function e+ (z*,27) into (3.12).
14Remember that the bilinear form is merely a trace over the representation of the gauge algebra.
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we obtain

[Lh Li] = (m—n)Li,, + %mi‘)(snm@ : (3.19a)
(L L) = (m =)Ly + T5m*0ntmo (3.19D)
(Lo L] =0, (3.19¢)
with the central element ¢ given by
¢ =6k = % ) (3.19d)
where we already replaced the Dirac brackets with commutators via i{, } — [, ] to quantize the system.

We see that the algebra associated to symmetry transformations that preserve asymptotically AdSs
boundary conditions in the sense of (3.6) is given by two copies of the Virasoro algebra with central
charge ¢ (3.19d). The Virasoro algebra (3.19) is the algebra of local conformal tranformations in two
dimensions and is the central extension of the Witt algebra. Interestingly, the algebra (3.19) is infinite-
dimensional (recall m € Z) — a peculiarity of the algebra of conformal transformations in two dimensions.

Note that the standard redefinitions L(J)r — LS‘ +37, Lg — Ly + 35 change the algebra’s central extensions
to $5m(m? — 1) and therefore lead to the the Vlrasoro algebra with s[(2, R)-invariant subalgebra (2.90).

Furthermore, note that the central extensions already appear on the algebra level before the quantization
of the system by promoting the Dirac brackets to commutators.

The algebra (3.19) was first derived by Brown and Henneaux in their seminal paper [7] and gave rise to
the conjecture that the holographic dual of AdSs is a conformal field theory in two dimensions, i.e. a
CF'T5. Before closing this subsection, we explicitly calculate the angular momentum from (3.10) following
the discussion at the end of subsection 2.3.3 for constant £, £_

(2.73) k k (3.16) e
M o /d(p (Af6AT) - Q—/dcp (A; 0A,) —/dgp af 6af) — (a; day,))

/d { (6L, + 0L )} :-7(5c++5c_), (3.20)
57 P10 I g atsary - B[ ap azsag) 020 K / dy ((a%8at) — (a3 6a3))
27T % A o5 ¥ ® ¥ 2 o5 i ¥ ¥ ¥ ¥
k 27
= [ {k (6L, — 55)} — o (5L —5L_) . (3.21)

This expression can be trivially functionally integrated and yields precisely the result we proposed above.

3.1.2 Addition of Chemical Potentials

We have seen that the Brown-Henneaux boundary conditions (3.10) lead to a CFT consisting of two
copies of the Virasoro algebra. Hence, on the CFT side we would have two quasi-primary fields of
conformal weight two. As usual in (quantum) field theory one can introduce source terms, which modify
the solutions of the field equations in question. In literature these source terms are usually referred
to as “chemical potentials” — we will expand on the reason for this name later on in this subsection.
As in the rest of this thesis we will discuss the effect of source terms exclusively on the gravitational
side — for more information consult for instance the excellent review [28]. In the case of the Brown-
Henneaux boundary conditions chemical potentials are introduced by adding r4+L. as additional terms
to the temporal component ati of the auxiliary connections a® (3.10c) and making a general ansatz for
the other components, which are then fixed by solving (2.24). By making this ansatz the af component
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and thus the asymptotic symmetry algebra is not modified. This leads to

2 1
at =+ (Lil + ;TﬁiLq:1> dat + in(Vi) dt, (3.22&)
with .
v 2m
Ai(Vi) =vil F l/iLO + (Zi + kﬂil/i) L+, (3.22b)

where 2’ = d,x. Constant chemical potentials can be absorbed by performing a coordinate transformation
and therefore, the Brown-Henneaux boundary conditions with constant chemical potentials are equivalent
to the ones without chemical potentials. We note that (3.22b) has precisely the form of a gauge parameter
generating asymptotic symmetry transformations, see (3.13). This relation between gauge parameters and
chemical potentials is not a feature solely characteristic for the case at hand, but holds in general, since
any connection can be transformed into any other connection through an improper gauge transformation
(recall that we are dealing with a theory of locally flat connections). Hence, one would think that (3.22)
is already contained in the solution space spanned by (3.10c). Yet, this is not the case. While the state-
dependent functions £1 vary under an asymptotic symmetry transformation, the chemical potentials vy
are — per definition — fixed, i.e. §.v4 = 0.

Furthermore, note that the highest weight boundary conditions (3.22) can be brought into a different
form, which we will use in the following, via the redefinitions p+ = (1 4+ vy)/I

A =0b1" (d+a®) by, by = etrlo, (3.23a)
2w 1 2w
ai = (Lil + kﬁiL:H) , afﬁ =4 (HiLil F uliLO + (2/11 + kﬁiui) L:F1> . (3.23b)
Comment

The fact that introducing constant chemical potentials leads to nothing new should not surprise us. In
fact, this was to be expected, since as in ordinary statistical mechanics each chemical potential comes
with a connected charge. However, one chemical potential is already present in the case of (3.10c) — the
temperature [, corresponding to the periodicity of imaginary time 7 ~ 7+ (3.

For simplicity’s sake we will restrict ourselves to constant chemical potentials 1 = p— = p and constant
state-dependent function £, = £_ = L. A notion of temperature can then be defined by performing a
Wick rotation and computing the holonomy around the contractible T-cycle [30]

+
He =Pele® T =1, (3.24)

| k
Bu =nm Il (3.25)

where n is an arbitrary integer. Note that ordinary Brown-Henneaux boundary conditions without
chemical potentials can be reproduced by setting p = 1/I. In the absence of rotation the black hole
partition function can then be defined as

which leads to the condition

Z(B)="Tr [e ] =Tr [e ], (3.26)
where (8 is given by (3.25) and H given by (3.20). After the first equal sign we absorbed all irrelevant

constants via a redefinition of the chemical potential 5. At this point we see that the introduction of a
constant chemical potential in the spin-2 case indeed does not lead to an additional chemical potential,
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since (3.25) relates § and p. In the more general case of other charges ) (for instance higher-spin charges)
being present the partition function takes the form

Z(B,7) = Tr [e*=t79] . (3.27)

where 7 is the chemical potential connected to the charge in question. Thus, chemical potentials appear
in our theory as Lagrange multipliers in front of conserved charges, which is in complete analogy to the
way they are introduced in ordinary statistical mechanics.

3.2 Near Horizon Boundary Conditions

In the last section we discussed boundary conditions inspired by an asymptotic perspective. In particular,
we discussed the most general solution which asymptotically approaches AdSs spacetime. In this section
we discuss boundary conditions first proposed in [4]. These boundary conditions are rather inspired
by a near horizon than by an asymptotic perspective. More specifically, we discuss the most general
solution subject to the condition that the metric approaches Rindler spacetime for 7 — 0. Rindler space
in Gaussian coordinates'® is given by

ds® = —a?r?dt? + dr? + 4% dy?, (3.28)

where a is the Rindler acceleration and r = 0 stands for the location of the Rindler horizon. The angular
coordinate is assumed to be periodic ¢ ~ ¢ + 2w. The horizon area is given by

A= /dgoq/. (3.29)

with v > 0 in order to always render the horizon area positive.

This setting is of interest, since spacetime geometry around non-extremal horizons is universally approx-
imated by Rindler space [37,38]. While there exists exhaustive literature on extremal black holes [39-41]
in the context of holography, non-extremal black holes are not that well investigated.

The convenient aspect of our boundary conditions is that they per definition guarantee the existence of
a regular'®, non-extremal horizon and are thus very well suited when asking conditional questions like
“Given a black hole, what are the scattering amplitudes in a given channel?” or “Given a black hole, can
we microscopically account for the Bekenstein-Hawking entropy?” [4]. The most general solution of the
Einstein equations obeying (3.28) for small r is given by [5]

ds? = dr? — ((a®1? — Q%) cosh?(r /1) — a®1?) dt? + 2(yQ cosh?(r /1) 4+ awl? sinh?(r/1)) dt dp
+ (v% cosh?(r/1) — w?1% sinh?(r/1)) dp? , (3.30)

where w, v,  and a are arbitrary functions subject to
A=, w=—d, (3.31)

where prime denotes J,, and dot denotes J;. One reason for interpreting €2 as an angular velocity is that
it appears as a leading order term in the dt dp component of the metric and thus, changes the sign under

15Gaussian coordinates are often useful if there exists a non-null-hypersurface S — in our case the horizon. On every
point P in S one can define a unique normal vector n to S with respect to the metric g. The geodesic, which starts at P
with tangent vector n is also uniquely defined by the fundamental theorem of ODEs. One can now label each point in a
sufficiently small neighbourhood of S by arbitrary coordinates on S and the affine parameter of the geodesic, which runs
through this point.

161n this context demanding regularity of the horizon means demanding the absence of singularities, in particular conical
singularities.
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time or ¢ reversal. We choose 2 = 0 for regularity, which corresponds to us adopting a corotating frame,
and a = const. This in turn means that the functions w and v depend on ¢ only, i.e. w = w(p) and
v =7(p). In consequence, (3.30) reduces to

a=const
ds? 0o T dr? — a®1?(cosh?(r/1) — 1) dt* 4 2awl® sinh?(r/1) dt dp

+ (2 cosh?(r/1) — w?I1? sinh?(r /1)) dp? . (3.32)

The line elements (3.30) and (3.32), respectively, describe different ezact solutions of Einstein’s EOM
parametrized by functions w(yp) and y(p). While these functions are referred to as state-dependent
functions, since their value differs from solution to solution, the functions a and €2 are referred to as
chemical potentials, meaning that they are arbitrary, but fixed functions. As we will see later, a fixed
Rindler acceleration implies that all states in our theory have the same temperature

- o
oo

(3.33)

On the one hand this does not seem like a good choice, since different states typically have different tem-
peratures as is the case for the BTZ black hole. On the other hand fixing the temperature is exactly the
setup one is looking for when investigating a certain macrostate — a black hole with fixed temperature and
angular velocity. Additionally, it is difficult to implement a Rindler acceleration that varies from solution
to solution. First of all, the line element is invariant under rescalings of the Rindler acceleration with
simultaneous rescaling of the coordinates'”, which means that a statement like “the Rindler acceleration
is 42” has no meaning unless the scale is fixed [5]. A previous work [42] achieved this by periodically
identifying advanced/retarded time with a certain length scale L that breaks the scale invariance. How-
ever, the physical interpretation of this setup and the corresponding dual field theory is rather difficult,
see [42].

The geometry described by (3.32) is generically not spherically symmetric, since the different components
of the metric tensor contain functions of ¢, i.e.y = v(p) and w = w(p). However, for the case of constant
~ and w the metric (3.32) becomes spherically symmetric and reduces to the BTZ black hole, as we will
see in subsection 3.2.3. In ingoing Eddington-Finkelstein coordinates

v=1t-— %a‘l log (fi)p)> : (3.34)

p = al® (cosh (;) — 1) , (3.35)

the metric (3.30) becomes

2
ds® = —2apf(p)dv® +2dvdp + dwpf(p) dvdp — 2% dedp + (72 + anQ (v* = Pw?) f(p)) de?, (3.36)

where f(p) =1+ p/(2al?). Requiring the absence of closed time-like curves leads to the constraint
v > |wll. (3.37)

This may be for instance seen from (3.30) by taking the large r limit and chosing an azimuthal curve

n = {t = const, r = const}
2r
I

_ (,72 _ w212) er

. 2
lim ds
r,t=const 4

T—>00

de?. (3.38)

17This may be best seen by looking at the line element in Eddington-Finkelstein coordinates given below (3.36), which
stays invariant under a — Aa, p — Ap and v — A/v.
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The curve (3.38) becomes a closed timelike curve for ds?> < 0 and thus we arrive at the constraint
(3.37). After having discussed the motivation for our boundary conditions in the metric formalism,
which is geometrically more intuitive than the Chern-Simons formalism, we now switch to the latter,
which enables us to use all the machinery developed in chapter 2. The s[(2, R)-valued Chern-Simons
connections A* that precisely reproduce the line element in Gaussian coordinatese via (2.83) are given
by

AT =b7M(d +a)by, (3.39a)
with ,
by = exp (iQ—l (Ly — L,l)) (3.39b)
and
at =1Lg (£Jxde + (o dt) (3.39¢)
where
Je=~l"t4+w and (yr=—-a+QUt. (3.40)

At first, the particular form of (3.39) may look arbitrary, since it is not unambiguously defined by (3.36).
And while choosing boundary conditions involves usually a lot of educated guessing, the particular form
(3.39a) brings about the following advantages

e Capturing the entire radial dependence in the group element b1 leads to radially independent
charges and hence, a radially independent asymptotic symmetry algebra.

¢ Choosing the auxiliary connection proportional to Ly, the generator that is diagonal in the funda-
mental representation of sl(2,R), see (A.1), simplifies the calculation of the holonomy conditions
that assure regularity of the horizon.

The field equations (2.24) yield .
Jr==£(%, (3.41)

which, with the use of (3.40), reduces to (3.31) as is needed for the two formulations to be equivalent.

3.2.1 Canonical Boundary Charges and Asymptotic Symmetry Algebra

We can now determine the canonical boundary charges and the asymptotic symmetry algebra in accor-
dance with (2.3). Again, as in the case of the Brown-Henneaux boundary conditions, see (3.11), it is
useful to choose the following form of the gauge parameters

et =bilet (x) b (3.42)

with by given by (3.39b), which takes us to the gauge of the auxiliary connection a, and the gauge
parameters et given by
eF=ef L+ Lot+e Ly, (3.43)

Thus, the canonical boundary charges Qe™,e¢™| = QT [eT] — Q™ [e™] associated with the theory defined
by the boundary conditions (3.39) may readily be computed via

5Qi[ei]:£/d<p (e*,54%) "= i /d
k
= / A 67 (Lo, Lo) = £ / dpetsdy (3.44)

where we used that (Lg,L1) = (Lo,L_1) = 0 and (Lo,Lo) = 1/2 . Therefore, we see that the parameters

¢, and € lead to trivial gauge transformations (§Q+ = 0) and thus, will not be considered in the
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following. To reduce clutter and to be in accordance with [4] we rename e(ﬂf = n+. We now derive the
most general non-trivial gauge transformation generated by e*(x) = 7. (x)L¢ that preserves the boundary
conditions, see (3.12). Per definition (1 does not vary if we move from one solution to another, i.e.

5<j: 0

Sera™ +0,+ J1Lode. (3.45a)

Furthermore, we find that

de + [aF, €] = (9pn+ dp + Opns dp + O dt) Lo + (£Tx dp + o dt) n [Lo, Lo]
=0
= (0pn+ dp + Oyt dp + Opn dt) Lo . (3.45Db)

Therefore, the asymptotic symmetry algebra is spanned by all transformations, whose corresponding
gauge parameters 74 (x) satisfy

O, Jr =+0,me =41y  and  9pnr =0ms =0. (3.45¢)

The global charges are then obtained by functionally integrating (3.44)

k
QF[ns) = - /dw N+ J+ (3.46)

and turn out to be finite, integrable and conserved in (advanced) time. Now we see explicitly what we
claimed above: The surface integral (3.46) does not depend on the radial coordinate r, which in turn
implies that our charges and hence, our boundary analysis does not depend on whether r is chosen to be
close to the horizon r = rg or close to infinity.

The asymptotic symmetry algebra is spanned by the Dirac brackets of the canonical boundary charges
and can be readily determined via the relation 6,9 [n] = {Q[n], Q [K]}, see (2.71), where

k
60 @ s = £ [ dome s, 7 27+ [apnent (3.472)
and
(@ Ina] @ s} = 5 [ [Aonsl@he@Taloh @) (3a7h)
Expanding the state-dependent functions J* and the gauge parameters n* into Fourier modes
— + —in + k in +
S ke, gE= L [dpeme gt (p), (3.48a)
= —in k in
doome ™y = [ dee™n(p) (3.48b)
and inserting the Fourier expansion (3.48) into (3.47) gives
et n+m _ +
Oroy —/dw e Zn —im)e” M)y —k—sz 270t 0 KL
n,m
2
= MG pgm 0N K (3.49a)
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and

k% 16 ~ —i(n —i(m p
(Q* ns]. Q* k(o) = 1oz [ de [ 30 mimh (T e irmnemimias

1672 k4
n,m,p,q

1
k272 Z nT:‘L:HT:El{J[;t7 ‘];: (271-5”"!‘1710) (27.['57"'4’(170)
n,m,p,q

4
= > nERE{TE TEY (3.49D)
where we have repeatedly exploited that
/ dp e FT™e = 976, o (3.50)

Hence, we infer the following relation from (2.71) by comparing the summands

k k
{(J5,,J5,) = —5Ongmoim = {JE,JE) = —50ngmoin. (3.51)
Furthermore, we immediately see that
{Jn Tt =0, (3.52)
since ,+J~ = 6,-J7 = 0. Thus, after quantization of our system via the replacement of the Dirac

brackets by commutators i{, } — [,] we obtain
+ + k' =+ F
[T, Jn] = +§ N Omtn,0 and [J5,J1]=0. (3.53)
The algebra (3.53) consists of two i (1) current'® algebras with levels +%. In the context of AdS/CFT
this algebra may be interpreted as the current algebra of the two-dimensional conformal field theory living
at the “boundary”. This algebra is nothing else than the algebra of creation and annihilation operator for
a free boson. Note that the value of the levels in (3.53) is arbitrary, since a redefinition of the prefactors

in (3.48) leads to different levels. The algebra (3.53) may be brought into a more promising form by
linearly combining the generators according to

X, =JF—J,, (3.54)
Po=Ji+J5 (3.55)
P, = kin (Jt,+J7)  ifn#0. (3.56)

With this change of basis (3.53) becomes

(X, Xon] = [Pr, Pl = [Xo, Po] = [Py, X,] = 0. (3.57)
(X, P] = i6pm  ifn #0 (3.58)

Thus, Xy and P, are Casimir operators and all other X,, P, form canonical pairs, which span the
Heisenberg algebra. This is a surprisingly simple result.

181n conformal field theory a current is a chiral field j(z) with conformal weight h = 1. For more information on conformal
weights consult appendix C.
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3.2.2 Hamiltonian and Soft Hair

As already discussed in detail in section 2.3.3, the Hamiltonian is defined as the charge connected with
the temporal Killing vector £ = 0;. The corresponding gauge parameter is related to the Killing vector

via (2.30) and thus

(3.39¢) (3.40)
ei|at:§"aff =" (4l = —aly. (3.59)

Hence, we get

Him Qlet, | = @1t ) - e ], ) 2 - [dp (a4 7}

— o [T+ Y b “ﬁ‘) —a(J§ +Jy) = —aPy. (3.60)

Therefore, the Hamiltonian commutes with all canonical coordinates X,,, P,.

We can now consider vacuum descendants |1({q})), which are labelled by a set g of arbitrary, non-negative
quantum numbers {¢} = {n;,m;}. One common way to define the vacuum state in a conformal field
theory is as a highest weight state. In quantum field theory one usually employs the convention that
generators J, with n > 0 are annihilators and the ones with n < 0 are creators of states. A highest
weight state is then a state that is annihilated by all annihilators of our theory, i.e. in our case

Jy, |highest weight) = 0 Vn>0. (3.61)

Vacuum descendants are generated by acting with the generators J& on the vacuum |0) just established,

ie.
[Ww{ah) =N{ah) [] 7% S, 10) - (3.62)
n; >0 m; >0
The normalization constant N({q}) is chosen such that (¥)({q})|¥'({q})) = 1. Since the Hamiltonian H
commutes with all generators J¥ the energy of the vacuum descendants (3.62) is the same as for the
vacuum itself

H |0> Eac |0> and H W)({Q}» = Eyac |'¢({Q})> : (363)

This implies that all descendants of the vacuum have the same energy as the vacuum itself and are thus
zero-energy excitations. Therefore, they may be referred to as “soft hair” in the sense of Hawking, Perry
and Strominger [8].

Discussion: Soft Hair

The term “soft hair” was first coined by Hawking, Perry and Strominger in their paper “Soft Hair on
Black Holes” [8]. While “soft” is a term from particle physics and just means “zero-energy”, hair refers
to the phrase “Black holes are bald, they have no hair” by John Archibald Wheeler. This describes the
fact that black holes can be completely characterised by only three classical parameters mass, electric
charge and angular momentum. In that sense they are bald — they have no “hair” emerging from other
properties. However, this immediately gives rise to a paradox, the “black hole information paradox”,
emerging from the fact that physical information, for instance realized by a particle carrying a certain
spin, could permanently disappear and therefore, get lost after passing the black hole horizon. Although
Hawking, Perry and Strominger’s paper does not propose a solution to the problem, it pinpoints a problem
in the formulation of the black hole information paradox, namely the assumption that black holes have
no hair. In their paper they suggest the existence of soft hair at the black hole horizon, which could
possibly be excited by particles falling into the black hole. These excited states could then possibly store
information of particles, which transfer this information before passing the black hole horizon. This in
turn would resolve the problem of information loss. Nevertheless, these speculations are a far stretch and
the problem is still far from being solved.
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3.2.3 Near Horizon and Asymptotic Boundary Conditions

After having established the near horizon boundary conditions and discussed their consequences it is
natural to ask how these boundary conditions relate to boundary conditions which are inspired by an
asymptotic perspective. To avoid confusion we want to stress again that the form of the connection
(3.39) holds in the entire spacetime, not just at the horizon. Therefore, it might be confusing to call
the connection (3.39) a boundary condition and talk about a near horizon or an asymptotic perspective,
respectively. The reason for these names is that the boundary conditions in question are most naturally
obtained from requiring a specific form of the connection at the horizon and are thus inspired by a “near
horizon” prespective. The standard Brown-Henneaux boundary conditions, see section 3.1, were originally
obtained by requiring a certain fall-off behaviour at infinity and solving Einstein’s equations under this
requirement. They are not given in the diagonal gauge, but rather in the so-called highest weight gauge'®.
For a generic choice of unspecified chemical potential u+ the standard boundary conditions in highest
weight gauge, which we already discussed in section 3.1.2 are given by [43], [30]

A* = B;l (d + &i) Bi , Bi = ¢trlo , (3.64a)

a5 = (Lil — ;Ci]—-:H) ; af ==+ (MiLil F pliLo + (;ul - ;Eiﬂi> L:Fl) ; (3.64b)
where £y and p4 are arbitrary functions of ¢ and . Note that in comparison to (3.23) we have absorbed
factors of —47/k in the state-dependent functions £y to be in accordance with [4]. Since the connections
A* and AT are connected to a* and a*, respectively through a gauge transformation that does not
change the canonical boundary charges, see (3.16), it is sufficient to map a®* to a*. The respective gauge
transformation is given by

g+ = exp (v1Li1)exp <_;u7iL:|:1) : (3.65)
where x = x(v, ) is a function subject to the conditions
+0,0+ — (424 = pg, 2y — Jywy =1. (3.66)
Consistency of (3.66), i.e. 9,0,2+ = 0,0,x+ implies that
py — Jepr = —Ct (3.67)

Note that the “asymptotic” chemical potentials ;1 depend on the “near horizon” chemical potentials (1
and the “near horizon” state-dependent functions 4, which is one way to see that near horizon boundary
conditions (3.39) are inequivalent to the Brown-Henneaux boundary conditions with chemical potentials
(3.23). Furthermore, the asymptotic state-dependent function £ must fulfill

1
Ly =+ (QJEE + ji) : (3.68)

The relation (3.67) for the “near horizon” and “asymptotic” chemical potentials (+ and pg implies an
analogous relation for the near horizon and asymptotic gauge parameters 7+ and AL as was discussed in
subsection 3.1.2

D (3.69)

e name diagonal gauge comes from the fact that the generator Lg is diagonal in the fundamental representation o
19Th diagonal gaug from the fact that the g tor Lo is diagonal in the fund tal tation of
s[(2,R), see appendix A.1. Highest weight gauge refers to the fact the component of a, with respect to L1 (= highest weight
operator) is fixed. Note that highest and lowest weight in this context are not related to the discussion of vacuum descendants
given before, but refer to the lowering/raising operators well known from a spin-1/2 system in quantum mechanics, since
s[(2,R) ~ su(2), see appendix A.1.
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From (3.69), (3.68) we can derive the transformation behaviour of the state-dependent functions

Sne Lo = 4 (Tibpe T+ 00, T1) U2+ (Tamle + L)
=+ (—=Jx (ML = Tide — Tedi) = MY+ TIhe + 2000 + TN

== (QEi)\/:t + Ei)\:l: - )\;/:/) (3.70)
Expanding (3.68) in Fourier modes yields
kLE =+ Jn JF +ikng}, (3.71)
pEL

which is the standard twisted Sugawara construction, see comment below. The generators L} now fulfill
the Virasoro algebra with the Brown-Henneaux central extension, i.e.

1
[LE,LE) = (n—m)LE,, + 5 En3 6pym.o- (3.72)

The Virasoro algebra may be brought into the standard form via the redefinition of LS—L discussed in
subsection 3.1.1. The gauge transformation defined through (3.65) and (3.66) is a proper gauge transfor-
mation, since it does not change the global charges, which we compute now explicitly

= 7/(1807&5‘7:!: = */dsﬁ — JA+) 6T+

2
= F s (udZe)| £ / dp (AebTL + Ture 672)
=0

_:I:—/dga)\i jiﬁji—‘r(Sji) = —/dg@)\i 0L+, (373)

which precisely coincides with (3.17). Thus, the near horizon boundary conditions (3.39) can be brought
into the standard highest weight gauge through a gauge transformation that does not change the boundary
charges. For constant chemical potentials and constant state-dependent functions £, £_, which by virtue
of (3.68) and (3.40) means v = const, w = const, we obtain the BTZ black hole.

Note that although the spin-2 currents fulfill the Virasoro algebra, the corresponding global charges span
the (1) algebra (3.53). This is the case, because the chemical potentials p4 are not held constant
as in the Brown-Henneaux case, but are allowed to vary under boundary conditions preserving gauge
transformations space, see (3.67).

Comment: Sugawara Construction

The Sugawara construction is a procedure used in conformal field theory to reconstruct the Virasoro
algebra spanned by the Fourier modes L,, of the energy-momentum tensor 7T from the algebra of the
currents J®. The standard Sugawara ansatz is given by

T=y) JUe, (3.74)

where v is a constant depending on the dual coxeter number and the central extension, which are both
defined by the current algebra. The twisted Sugawara construction is then obtained by adding to (3.74)
a “twist term” of the form

T=v) JOJ+JY. (3.75)

For more details consult [44] or other textbooks on conformal field theory.
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3.2.4 Entropy of Black Hole Solutions

Due to the fact that Chern-Simons theory is a theory of flat connections (F = 0), gauge invariant
information can not be found in any local quantity (locally everything appears identical). However,
holonomies, which measure the extent to which a group element changes when being transported around
a closed loop, give gauge invariant information. The standard trick [28, 30, 45] to obtain a notion of
temperature is to use the holonomy condition of the Chern-Simons gauge field around the contractible
Euclidean time cycle. The Wick rotation to Euclidean time 7 = —it leads to a deformation of the
manifold into a solid torus, where 7 corresponds to the contractible cycle and ¢ to the non-contractible
one. Requiring the absence of conical singularities at the horizon corresponds to the condition that the
holonomy of the Chern-Simons connection around this closed loop be trivial [30], i.e.

He = Pefc a* — exp(/
P

where 1 stands for the sl(2,R) identity and the thermal cycle runs from 7 = 0 to 7 = 8. This in turn
gives us the following condition in the diagonal gauge

A$d7> =1, (3.76)
=0

exp (/ afd7> =exp (£(+fLp) =1
p=0
3.40) 27N p=—1 27
= - = — = _—
B B
Here we set n = —1, since this corresponds to the solution that is obtained from the same requirement,
i.e. absence of conical singularities at the horizon, in the metric formalism. Note that if we had not set

Q = 0, then we would have obtained the condition —a + 2/l = =27/ by virtue of (3.40), which is only
fulfilled if 2 = 0. The corresponding condition for p in the highest weight gauge leads to

= Cx ( (3.77)

1 272
el = SHE = iR Ly = ~Gr (3.78)

which for constant chemical potential p; = const reduces after redefinition of the state-dependent func-
tions L4 to (3.25). Thus, because of the appearance of £, in (3.78) imposing regularity in the highest
weight gauge leads to restrictions on the states. Note that an analogous condition can be written down
for the (£_, p—_)-sector. Here, we explicitly see one advantage of our boundary conditions, namely the
regularity of all solutions contained therein. Now, we can compute the entropy using the first law of
thermodynamics and find
27
a

55 = —BSH = —a(Jf +Jy) = 2x(Jf +J). (3.79)

Thus, the entropy is linear in the zero-mode charges J;, J; .
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4 Boundary Conditions for Spin-3 Gravity in Flat
Space

In this chapter we discuss two sets of boundary conditions for spin-3 gravity in flat space. More precisely,
we discuss spin-3 gravity exclusively in the principal embedding isl(2,R) — isl(3,R), see section 2.5,
which is the simplest higher-spin extension to flat space and was first discussed in [19,20]. We show that
the near horizon boundary conditions in diagonal gauge can brought into the standard highest weight
form through a proper gauge transformation, see subsection 4.2.3. Furthermore, we compute the entropy
for the near horizon boundary conditions and find that for solutions which are continuously connected
to flat space cosmologies the entropy is linear in the spin-2 zero-mode charges and independent from the
spin-3 charges, i.e.

S=2r(Jy +Jy)- (4.1)

Precisely the same result was found in AdSs Einstein gravity [4] (see also subsection 3.2.4), in AdSs
higher-spin gravity [6], in flat space Einstein gravity [5] and higher derivative gravity [46]. This suggest
a universal form of the entropy in terms of the zero-mode charges.

Before discussing the extension of the near horizon boundary conditions (3.39) to spin-3 gravity in flat
space, we give a short review of the analogue of the Brown-Henneaux boundary conditions for spin-2
gravity in flat space and then proceed to discuss the highest weight boundary conditions for spin-3
gravity in flat space.

4.1 Highest Weight Boundary Conditions

4.1.1 Asymptotically Flat Boundary Conditions

In three dimensions asymptotically flat space boundary conditions and their asymptotic symmetries have
been studied and the asymptotic symmetry algebra was found to be the BMS algebra [47,48] in three
dimensions [49], which has a non-trivial central extension [50]. As in the case of asymptotically AdS
boundary conditions the notion of asymptotically flat space must be defined precisely. It was shown
in [36] that asymptotically flat boundary conditions may be obtained from asymptotically AdS boundary
conditions by taking a flat space limit. Asymptotically flat space metrics in the so-called BMS gauge are
then given by [36]

ds? = Mdu? — 2dudr + 2N dudy + 2 dy?, (4.2)

where 0 < r < oo is the radial coordinate, —oo < u < oo is the retarded time coordinate and ¢ ~ ¢+ 27
is the angular coordinate parametrizing the boundary of our cylinder. The functions M, N are state-
dependent functions and thus describe the particular solution taken by our system. The Einstein equations
(2.1) yield the on-shell conditions

M=0, IN =M, (4.3)
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Figure 4.1: Spectrum of the asymptotically
flat space boundary conditions taken from
[36]. Flat space cosmologies exist for M > 0.
Minkowski space is separated by a gap from
the continuous flat space cosmologies spec-
trum. For M < 0 conical defects and conical
excesses appear.

conical defects

W Minkowski
conical excesses

where & = 0,x and 2’ = J,x. These equations are only satisfied iff M = M(p), N(u, ) = L(@)+5M(¢)
for some function £ = L(p). The metric (4.2) contains the following solutions:

e For M = —1, N' = 0 we obtain global flat space in Eddington-Finkelstein coordinates, which may
be brought into the form ds? = — dt? + dr? 4 r2 dy? via the coordinate transformation v =t — 7.

e For generic M > 0 and N # 0 we obtain so-called “flat space cosmologies” [51], see Figure 4.1.
Flat space cosmologies represent the flat space analogon to the BTZ black hole in AdSs. Similar
to a black hole, they carry a mass M and an angular momentum N and exhibit a cosmological
horizon.

In [36] it was shown that the asymptotic symmetry algebra of these solutions is spanned by the centrally
extended bmsjz algebra

[Lru Lm} = (TL - m)Ln-‘rm s (443‘)
(L, My] = (0 — m) Mym + %n(rﬂ — 1)nsmo (4.4b)
(M, Myy] =0, (4.4¢)

where ¢pr = 3/Gy. As in the AdS case, these boundary condtions can be rewritten in the Chern-Simons
formulation in terms of a gauge field A that is an element of the isl[(2,R) algebra

Ly, L] = (n—m)Lptm , (4.5a)
Lo M) = (0 — m)Mpgm (4.5b)
with n,m = —1,0,1. The boundary conditions are then given by
A=b"'d+a)b (4.6a)
with the auxiliary connection a
a= M — MM,1 du+ L1 — ML,1 — MM,1 dep (46b)
4 4 2
and the group element b
b=e2" (4.6¢)



The field equations (2.24) yield (4.3) as expected. The connection (4.6) exactly reproduces (4.2) via the
usual contraction over the local dreibein, i.e. (2.9). Note that similarly to the corresponding boundary
conditions in AdS, capturing the entire radial dependence in b and choosing b such that db = 0 is
advantageous, as this yields radially independent charges and enables the computation of the charges in
the gauge of the auxiliary connection a.

4.1.2 Spin-3 Highest Weight Boundary Conditions

In this subsection we discuss the extension of the boundary conditions (4.2) to spin-3 gravity in flat space.
The easiest way to obtain a is[(3, R) valued connection A in the principal embedding. is by appropriately
modifying the auxiliary connection a such that it becomes an element of the isl(3, R) algebra, while leaving
the form of the group element b, see (4.6¢), invariant. The isl(3,R) algebra is spanned by L;,M;, Uy, V,
with i = —1,0,1 and n = —2, 1,0, 1,2

[Ln, L] = (0 —m)Lngm (4.7a)
Loy Mm] = (0 — MMy (4.7b)
Lo U] = (20 — m)Uppim (4.7¢)
Loy Vi) = (20 — m) Vg (4.7d)
[Un, U] = o(n —m)(2n® +2m? —nm — 8)Lyim , (4.7e)
[Un, Von] = o(n —m)(2n? + 2m? — nim — 8)Myypy, - (4.71)

The generators L; and M; span the is[(2, R) subalgebra. The constant o fixes the overall normalization of
the spin-3 generators Uy, and V,, and can be chosen arbitrarily. In this thesis we follow the convention of [52]
and choose o = —%. Explicit expressions for the isl(3,R) valued connections that obey asymptotically
flat boundary conditions were established independently in [19] and [20] and read

A=b"t(d+a)bd (4.8a)
with the auxiliary connection a given by
a=a,dp+a,du, (4.8b)
where
a, =L — %L_l — %/M_l + ;U_g + ZV_o, (4.8¢)
ay =My — %L,l + gv,z . (4.8d)
The equations of motion (2.24) yield
M=v=0, N=iM,6 Z=1LV. (4.9)

These constraints are solved in terms of four arbitrary functions of the angular coordinate ¢ [19]
M=M(p), V=V, N=Lp)+5Mp), Z=Up)+35V(p). (4.10)
By setting the spin-3 generators U, and V,, to zero, (4.8) and (4.9) precisely reduce to (4.6) and (4.3).
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4.1.3 Spin-3 Highest Weight Boundary Conditions with Chemical Potentials

In this section we generalize the discussion from section 4.1.2 to spin-3 gravity with chemical potentials
for the spin-2 and the spin-3 fields g, pr, pv, pu, which were first introduced in [52,53]. Following
the procedure of [30], chemical potentials may be introduced by leaving the form of a, (and therefore
the charges) invariant and making a general ansatz for a, with arbitrary coefficients. The form of the
coefficients can then be determined by solving the field equations (2.24). Associating the coefficients
of the highest weight components with the corresponding chemical potentials, i.e. aM; — uyM; one
obtains [21] [52]

ay = a + ol qlm) 4 g(mv) 4 g(ro) ap, = agoo) (4.11a)

with aSP), aw) being the connection (4.8) in the absence of chemical potentials and

al™) = pig My — gy Mo + L (= SMpn) M-+ 3V Voo, (4.11b)
alre) = qlima) lyynr — s N M-+ Zp, Vg, (4.11c)
a™) = iy Vo = Vi 5 (10— M) Vo + & (= i+ M py + 5 Myl ) Vea
+ o (" =AM = IM 4 EMP g — M) Voo — 4V py M (4.11d)
ag) *a"V)|M L= 8Z o Mo = N g Vo + (BNl + §N 1) Vo
+ (= ANu) — HN = 5N s + FMN ) Vg, (4.11e)

where the subscript M — L denotes that in the corresponding quantity all odd generators and chemical
potentials are replaced by corresponding even ones, M,, — L,, V;, = U,, puy — po and py — pyg, ie.

aSLMM)|M_>L = Uy, L+ - /,L/L LO + (ML - *M,U/L) L + VML U 2, (411f)
G’ELHV)|M—>L = o Uz — pi, Uy + +3 ( - M/‘U) Uo+ 5 ( pe +Mps + gM“;) Ut
G M M, LMy~ M) U Vgl (4118

As before, dots (primes) denote derivatives with respect to retarded time u (angular coordinate ¢). The
equations of motion (2.24) impose the conditions

M= =20 + 2Mpl + M iy, + 24Vl + 16V (4.12a)
N=1 M|HM + 2Nl + N g, + 2420l + 162y (4.12b)
Y= L Mg/// M,LL/” _ 5 M/Mﬁ _ 3 M// / L4 %Mzu;
— M py + 5 MMy + 3VuL + V’ML , (4.12¢)
2=V A~ BN~ E N+ 3 M,
— SN+ & (MN) o +3Zp, + Z' e, (4.12d)

which after applying the inverse substitution rules to above becomes

B,y =l M ML ) 4 129+ 8V (4.12¢)
_ 1 u///// M'u///_ 173./\/11 " _ *M” / %Mz’u(/

2 V|L%M — 24 v
- M’”uv + MMy + 3V + 2V (1 + Har) - (4.12f)

The chemical potentials i, ptr,, v and py are arbitrary functions of the angular coordinate ¢ and the
retarded time u. The most general gauge transformations d:A = dé + [A, €] that preserve the boundary
conditions (4.11) are given by parameters

E=b"teb (4.13)
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with

5:6L+—6’L0+ (e 7*M678VX) L_

+ T My —7 Mo+ 3 (7" — AM7 — Ne—8Vk — 16Zx) M_
+xU =X Ui+ 5 (X' = Mx)Up— g (X" = SMx' = M'x) U_y
4 214( " 4MX//_ %M/X/_M//X+§M2X+12V€) U_,

+rVo— &' Vi+ 3 (K= Mr—2Nx) Vo
_%(III 5MK/ MIH_5NX_2N/ ) 1+24(/IH—4M/€H_%M/K/I
— Mk 4+ 3MPk — 8N — TN'X — 2N"'X + 6MN x + 12V7 + 24Z¢€) V_s, (4.14)

where the gauge parameters €, o, x and p depend on ¢ only. Additionaly, we introduce new parameters
7 =0+ ue and K = p+ ux’. The canonical boundary charges can then be calculated using (2.67)

k sb=0 K
Q] = o /dap (E6A,) o dy (eday,) . (4.15)
Insertion of the expressions (4.8¢c) and (4.14) yields
6Qle] = % /d(p (€0L+ 30 0M +8x U +4p6V) . (4.16)

Since the parameters €, o, x and p are independent of the state-dependent functions, equation (4.16) can
be integrated trivially in field space and we obtain

k
Q[G,T,X,H]:% /d<p (eL+ 1o M+8xU+4pV). (4.17)
Thus, the canonical charges are integrable, finite and conserved in (retarded) time, 9,,Q = 0. Expanding

the state-dependent functions £, M, U and V into Fourier modes leads after a suitable shift of the
zero-modes to the following relations

[Ly, Lin] = (n —m) Ly (4.18a)
[Ln, Mm] = (7’L — m)Mn_,_m + k (Tl — n)5n+m70 y (4 18b)
[Ly, Un] = (2n —m)Upim , (4.18c¢)
Ly, Vin] = 20— m)Vipgm (4.18d)
[My, Uyl = (20— m)Vigm, (4.18e)
[Un, Up] = =3 (n— m)(2n2 +2m? —nm — 8) Ly im
16 88
[Un, Vi) = —% (n —m)(2n® + 2m* — nm — 8) M, 4m
8 k
- 37:( —m)Opim — 3 n(n?® —1)(n* = 4)dnym.o, (4.18g)
with
ZM My A Z Ly My_p: — 2(m+2)(m+ 3)M,, . (4.18h)

Normal ordering is deﬁned by : L, M,,: = L, Mm ifn < —1and :L, M,,: = M, L, otherwise. The
Fourier modes of the state-dependent functions £, M, U and V are denoted by L,, M,, U, and V,,. In
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these relations we have already quantized the system by replacing the Dirac brackets by commutators via
i{,} — [,]. This is an Inénii-Wigner contraction®” of two copies of the Wj algebra, which is also referred
to as an FWSs algebra.

Entropy for Spin-3 Flat Space Cosmologies

It was shown in [52,53] that the spin-3 entropy of the branch that is continuously connected to the flat
space cosmologies of Einstein gravity, i.e. [53]

SGRZQTFU%Lf‘, (4.19)

is given by
[k R 20 [3kV . @
S =2 7;Ssec(@){wcos (3)—1— 7r]54sm3} , (4.20)
with
3 | 3k .
b = :FaI'CSiH (8 7-‘—']53)/\}) 5 (421)

where consistency implies that the sign of J coincides with the sign of (4.21). The map between the
zero-modes of the state-dependent functions in [53] P, J, W and V and the state-dependent functions
we were using until now M, N, V and Z [52] is provided via

k k ~ 2k

P=—-M, J=—L, W=V, V=_U. (4.22)
47 2w T s
For constant state-dependent functions these equations reduce to
N k ~ k@ k . 2k o 4k (a10) 4k
P2y, Jj=pU0 %N oy pZptlny (4.23)
4 2 27 T T T

where M, L N, V, U, Z and ]3A, J, W, V denote the zero-modes of the state-dependent functions M,
LN, V,U, Zand P, J, W, V, respectively. Note that this result can also be brought into the form
presented in [52]

N (2R — 6+ 3P\/E)

STh =7k y (424)

4VM(R-3),/1- 2

where we have introduced the dimensionless ratios
V. R-1 Z

3

oM:  RY T NVM

(4.25)

4.2 Near Horizon Boundary Conditions for Spin-3 Gravity

In this section we discuss the extension of the near horizon boundary conditions (3.39) to spin-3 gravity
in flat space®!. The starting point is once more the Chern-Simons action given by (2.18), where the

20Tn 1953 [54] Erdal Inénii and Eugene Wigner discussed the possibility of obtaining certain groups from other groups
through a limiting procedure — the Inénii-Wigner contraction, for more details refer to [21].

2INote that, since this chapter is based on a collaboration with Martin Ammon, Daniel Grumiller, Stefan Prohazka and
Max Riegler, several parts of this chapter coincide with the forthcoming publication [55].
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connection A is now an element of is[(3,R), see appendix A.2. Furthermore, as we already discussed in
section 2.5, since in higher-spin gauge theories the metric is not a higher-spin gauge invariant object, we
will directly propose a form for the higher-spin analog of the near horizon boundary conditions (3.39) for
the gauge field A. Considering other, prior work on near horizon boundary conditions in spin-3 AdS [6]
and flat space [5], the choice of the corresponding boundary conditions for spin-3 gravity in flat space is
natural. To motivate this choice, we review the already existing boundary conditions and also present
their asymptotic symmetry algebras in Table 4.1. It is easiest to promote the spin-2 to spin-3 gravity
boundary conditions by switching on the generators which span the higher-spin part of the gauge algebra
exclusively in the auxiliary connection a, while leaving the group element b invariant. The near horizon
boundary conditions are then extended most naturally by only switching on the generators, Uy and Vg
of the respective Lie algebra. This way we obtain correspondent characteristic features of the ones for
Einstein gravity in AdS (such as regularity of the fields regardless of the charges) also in spin-3 gravity
theories. The flat space boundary conditions can be obtained in two different ways: either by directly
working in flat space or by taking the A = —% — 0 limit of the spin-3 AdS results [6]. Since the limiting
procedure is sometimes subtle, we choose to work directly in flat space. However, taking the limit from
AdS to flat space serves as a non-trivial check for our results??. The spin-2 boundary conditions for flat
space, see Table 4.1, were already computed in [5] and can be obtained by taking A = —% — 0 limit
of (3.39). Now, following the discussion above these boundary conditions can be extended naturally to
spin-3 gravity in flat space by switching on the generators Uy and Vg, while leaving the group element b
invariant. Following the notation of [55] the proposed form of the connection is given by

A=b""a+d)b, (4.26a)

where the radial dependence is encoded in the group element b as

1
b=exp ( Ml) exp (+B M_l) (4.26b)
wp 2

and the auxiliary connection a reads

a=a,dp+a,dv (4.26¢)
with

ay, = J Lo+ PMy+ T Uy + PO vy, (4.26d)
Ay = Up L0+MJMQ+M§§) U0+,LLE;) Vo. (4266)

All the functions appearing in (4.26) are in principle free functions of the advanced time v and the angular
coordinate ¢. However, the functions p, will be identified as chemical potentials and thus will be fixed
such that 6, = 0 under an asymptotic symmetry transformation. The functions 7, P, J®) and P®) are
state-dependent functions and are thus allowed to vary in the solution space described by our boundary
conditions. The equations of motion (2.24) give constraints on the functions J,P, J ) and PO

00T = Oppip, 0P =0pnz, 0,7 = 0,4, 0,P® =0,u3. (4.27)

4.2.1 Canonical Boundary Charges and Asymptotic Symmetry Algebra

The next step in the asymptotic symmetry analysis is to determine the gauge transformations
0:A = dé + [A, €] that preserve the boundary conditions (4.26). As in the case of the Brown-Henneaux

221n fact, this check was performed by our collaborators, Martin Ammon and Max Riegler, who instead of working directly
in flat space obtained their results by taking the limit of the spin-3 AdS results [6]. Our results precisely agree with theirs.
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4%

AdS [4] spin-3 AdS [6] flat space [5] spin-3 flat space [55]

gauge

algebra sl(2, R)Psl(2,R) s[(3,R)Psl(3,R) isl(2,R) isl(3,R)
L;,t=-1,0,1 M. s Li,M;, 0 =-1,0,1
L, i=—1,0,1 e 2 10,12 Li,M;, i =—1,0,1 TV i 21012
be. A* =b2N(d + at)by AT =N (d + at)by A=b"Yd+a)b A=b"1d+a)b
for A by = exp [iﬁLl} [:tgL,l] by = exp [:ﬁ:%Ll] [:I:gL,l] b=exp [u%Ml + ngl} b=exp #%Ml + gM,l]
b.c. af = +J*L, af = £J* Lo + T30 ay = JL() + Pl ag =T Lo+ PMy+ T Uy + PO v,
fora  af =(*Lg aF = (FLo + (Vo @y = ppL(o) + tMo) ay = pp Lo + g Mo + %) Uo + ) Vg
[JE JE] = Lkndnimo [Ty Prm] = k1 gm0
a.s.a. J:t7 J:t = lk’ 5n m ROl 2 ’ Jn7Pm = kn6n m '
' Tl = 2Fmdnsmo O O = 2hnbppy o ), P = 42064 o
entropy S:27T(JS'+JO_) 51271'(]3_+J0_) S:27TP0:27r(JS'+JO_) Sz27rP0:27r(JS'+JO_)

Table 4.1: Near horizon boundary conditions (b.c.) and their corresponding asymptotic symmetry algebra (a.s.a) for spin-2 / spin-3 gravity in
flat and AdS space: We see that the entropy for all boundary conditions takes the same form in terms of the zero-modes of the state-dependent
functions. Please note that in the spin-3 AdS/flat space case this statement only holds for the entropy branch continuously connected to BTZ
black hole/cosmological spacetimes of Einstein gravity. Note that all connections are presented in ingoing Eddington-Finkelstein coordinates, the
connection for spin-2 gravity in Gaussian coordinates is given in (3.39). For more information on the given algebras (invariant, non-degenerate
bilinear form, representation) see appendix A.2.



boundary conditions, see (3.11), and also in the case of the near horizon boundary conditions in AdS
space, see (3.42), it is again useful to choose the gauge parameter € as

E=bleb= b_1(€7>L0 + esMo + 6(3)U0 + 657) ) b. (428)

This takes the gauge parameter into the gauge of the auxiliary connection a; thus we only have to consider
gauge transformations d.a = de + [a, €]. As a consequence, the infinitesimal transformation behaviour of
the state-dependent fields takes a particularly simple form

8T = Opep, 6P =08pc7, 6T =08,63, §.P® =0, (4.29)
The conserved charges Q [¢] associated to boundary conditions preserving transformations may then be

computed using (2.67) and (A.9). Evaluating this expression for the case at hand, we obtain the following
expression for the variation of the canonical boundary charge

/dcp (€0A,) /d<p <636J+ep577+ *6(3)5‘7(3 eg’)é’P(B)) . (4.30)

The global charges may now be obtained by functionally integrating (4.30)

k k
Qle] = o /dSD (e Ay) = %/ <6JJ+6PP+ (3)3(3 eg)P(?’)) . (4.31)

After having determined the canonical boundary charges, the Dirac bracket algebra of the charges can
be calculated from the transformation behaviour under infinitesimal gauge transformations

Iy Q[X] ={Q[X],Q[Y]}, see section 2.3.3 for more information. After expanding the state-dependent
functions in Fourier modes

1 —in 1 —in
=2 e, Plp) =1 D Pae ™, (4.32a)
nEZ neZ
3 ‘
(3) (3)ging ) () = 5 (3) —ine
T )= o3I PO(p) = D PPe™™, (4.32b)
ne”Z nez
and replacing the Dirac brackets by commutators using i{-,-} — [-,] we obtain the following asymptotic

symmetry algebra for the boundary conditions (4.26)

4k
[, Pm] = k1 0pim0, [J3), P = < R (4.33)

At this point it should also be noted that the algebra (4.33) can be brought to the same form as in [6]
by making the redefinitions

T =

n

SRk T, I = (PP £ TP, (4.34)

The generators J.& and J,S?’)i then satisfy

k 2%
[J,?,Ji]:§n5n+m,o, [JOE JOE] = Enc;n_,_mo (4.35)
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4.2.2 Hamiltonian and Soft Hair

In this subsection we show that the states associated to the near horizon symmetries (4.33) all have the
same energy and thus correspond to higher-spin soft hair. In order to show this, we first determine the
Hamiltonian in terms of near horizon variables and then proceed in building vacuum descendants using
(4.33). Finally, we show that all states have the same energy as the vacuum.

As already discussed in subsection 2.3.3, the Hamiltonian is associated to the charge that generates time
translations. In the metric formalism this would correspond to the Killing vector 9,. Since the gauge
transformations (4.28) are related to the asymptotic Killing vectors &* via (2.30), the variation of the
charge associated to translations in the retarded time coordinate v can be determined via

0H = 6Q /d<p (€"ay day,) = /d(p ay 0ay)
k
=5 / dp (u 70T + updP + guf?w@) + 3u§3>5p<3>> . (4.36)

This expression can be trivially functionally integrated and yields the Hamiltonian

2w

5 2Pt 3>) (4.37)

k
H:—/dcp (/ij-i-,upp-i-?),uj)j ) 4

For constant chemical potentials u, and ufzg) the Hamiltonian thus reduces to

H = <MJJ0 +pupPo+ 3M(3)J(3) 3M§)Po(3)> : (4.38)

After having determined the Hamiltonian, the next step in our analysis is to build vacuum descendants
using the algebra (4.33). There are two ways of building vacuum descendants relevant to our analysis.
One is via highest weight representations whereas the other one uses a construction similar to induced
representations.

We first start with descendants built from highest weight representations of (4.33), which works anal-
ogously to the discussion in subsection 3.2.2. We again assume that the vacuum state |0) is a highest
weight state, i.e. a state that satisfies

Ja|0) = P,|0y = B0y = PP0y =0, Vn>0. (4.39)

New states can then be constructed from such a vacuum state by repeated application of operators with

n <0, ie.
s({p}) < [ 7-n. 1 I I1 P 1] P, ®10), (4.40)

n; >0 n§3>>0 m;>0 m§3)>0

where {p} = {n,, ng?’), m;, mg?’)}. Since the Hamiltonian (4.38) is a linear combination of Jy, Py, Jé?’) and
P(g?’), it is evident that these operators commute with any element appearing in the asymptotic symmetry
algebra (4.33). In particular, this also means that H commutes with all J,, and J7(13). Thus, when acting
with H on any vacuum descendant ¢({p}), one obtains the same value for the energy as for the vacuum
|0).

After having shown that highest weight modules constructed from (4.33) all correspond to soft excitations,
we consider modules built from representations that are similar to the induced representations found in
flat space holography, see e.g. [56,57].

In the induced representation vacuum descendants can be built from a vacuum state |0) via

(e ~ T IT (J ) 100 (4.41)

i n®
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where {q} = {n,, n§3)}. The vacuum state has to satisfy
P,0) = PP|0) =0, VneZ. (4.42)

These conditions are similar to the ones presented in [57], where J,, and P, span a BMS/Poincarée
algebra and generate (super-)rotations and (super-)translations, respectively. In [57] the vacuum state
corresponds per definition to a state with momentum p = 0 and “boosted” states are obtained by acting
with J,, on |0), which motivates (4.41) and (4.42). Since in our case J,, and P, span #i(1) current algebras,
the physical interpretation of this setup requires further investigation.

We can now act once more with the Hamiltonian (4.38) on all states in the module (4.41). Using the same
line of argument as for the highest weight representations, one finds that all states built from induced
representations also have the same energy eigenvalue and can thus be interpreted as soft excitations.

4.2.3 Near Horizon and Asymptotic Boundary Conditions

In this subsection we discuss the relationship between the boundary conditions we established in the last
section, see (4.26), and the ordinary highest weight boundary conditions for spin-3 gravity in flat space
with chemical potentials, see (4.8) and (4.11), introduced in [52], discussed in subsection 4.1.3. As in the
spin-2 AdS, see subsection 3.2.3, the spin-2 flat [5] and the spin-3 AdS space [6] case the near horizon
boundary conditions can be brought from diagonal to highest weight gauge through a proper gauge
transformation. It is algebraically interesting that by performing such a gauge transformation, spin-2
and spin-3 charges of higher-spin cosmological solutions in flat space emerge as composite operators
constructed from the 1i(1) charges (4.33).

The next step is to find an appropriate gauge transformation that maps the connection a in (4.26) to
the connection @ in (4.11) via @ = g~'(a + d)g. As in the AdS case discussed in subsection 3.2.3, it
is sufficient to map the auxiliary connections to one another. This is the case, since the additional
gauge transformation b that takes the auxiliary connection a to the connection A is a proper gauge
transformation and thus does not change the canonical boundary charges. Since the gauge algebra in
the case of isl(3,R) is 16-dimensional, this involves a fair amount of algebraic manipulation. However,
this algebraic manipulation may be done in a systematic manner — as is presented in appendix D.4. The
group element that provides the appropriate map is then given as g = ¢(Y ¢ with

g(l) = exp [[Ll +mM; +u; U +01 V) +usUs 4 0o V2] y (4438.)
(3) 1 70
@ o | Ty (3) -
g exp | =5 L 3 U1 + 5 JIT + 3 2
3) 1 ( 3
f% Mg — PT Vot (PJ(‘” +IJP® 4 P2> v_Q] . (4.43Db)

The functions [, m, u, and v, depend on v and ¢ only and have to satisfy

(=147 +2u, TP, (4.44a)
w' =[P +wmP + 2y, PO 4 20,7, (4.44D)
=T +27%), (4.44c¢)
o) =P+ 0,7 +2P®) 4 2mg @), (4.44d)
W, = f% 2, (4.44e)
oy = —% + 2uyP + 2027, (4.44f)
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and

L %MUJ — upl ZMg’)ul +1, (4.45a)
par = %MUP(?)) + *Mvj@) —ppm—pgl— (S)U - 2#9“1 + m, (4.45b)
= —2ppug + 2 4 B2 + ;ult 1[111 + 1y, (4.45¢)
Ky = —2pp0y — 21 7us + QImM(S) + 2u101M(3) s )[2 M(jg)ul

+ %nll + %ulrh - %mul - 5[61 + 02. (4.45d)

Consistency of (4.44) with (4.45), e.g. 0,0,1 = 0,0,1, leads to the following relation for the “asymptotic”
chemical potentials in terms of the “near horizon” variables

4 2
gMUj/ - gu&J — i, (4.46a)

8 8 8
ng =P+ gpPIP + Sy TP + oy 7T

8
e = piP + oI TP +

4 1 2 2
+ 5P+ gy T = P = ST = s (4.46b)
4
1 =T+ J? - i (7(3)) — ' - quJ + u (4.46c)

. P . 4 N\ 2
1D = PO 4y TG 4 200 PT 4 v T~ guUP ©g® — Zpy (J("))
3 3 1
— T =P = ST = SuuP o+ S (4.46d)

The gauge fields a and @ are then mapped to each other, provided that

2
M=7J%+ % (79) +27, (4.47a)
Negpil STOPO 1P, (4.47D)
3 7 "
V- (1&72j —8 () 4077 + 2177 + 97 ) , (4.47¢)

Z-~ (6J2P<3> gP® (J(3))2 +3PB) T 4+ 373 P
36
+9TPE +9pg® +12PFT® + 37><3>”) : (4.47d)

Additionally, it is possible to explicitly check that the equations of motion in the highest weight gauge
(4.12) indeed reduce to the very simple ones given by (4.27). The relations (4.46) show that the “asymp-

totic chemical potentials” iy, iy, fy, v depend not only on the “near horizon chemical potentials”

Wp, T, ugp), /‘57)7 but also on the state-dependent functions P, 7, P, 7®), which is one way to see

that our near horizon boundary conditions (4.26) are inequivalent to the asymptotic ones given by see
(4.8) and (4.11). Moreover, the same relations directly map the corresponding gauge parameters that
preserve the respective boundary conditions by replacing p;, — €, (1 4+ puy) — 7, o = X, vy — K as

well as uy — €7, up — €p, u( ) 6(3) and u(g) — 6;;3). Therefore, also the infinitesimal transformation

laws for A/, M, V and Z can be dlrectly read off from (4.12) by replacing e.g. M by 6. M as well as

(3) (3)

all occurrences of chemical potentials u, and ps’ by the corresponding gauge parameters €, and €4
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respectively. This holds, since precisely this replacement leads from the EOM for the auxiliary connection
Optp = Opy + [ay, ay), inferred from (2.24), to the transformation behaviour under gauge transformation
decay, = Op€ + [ay,,€]. Thus, one can readily see that the fields N, M, V and Z transform precisely the
same way as would generators satisfying an FWs algebra. However, their associated canonical charges
still satisty (1) current algebras as before. This can be seen by looking at the variation of the canonical
boundary charge. In particular, after using the relations between the “near horizon” and “asymptotic”
gauge parameters, defined by the corresponding relations between the chemical potentials (4.46), and
(4.47) we find that the variation of the “asymptotic” charges (4.17) just reduces to the one of the “near

horizon” charges (4.31)

09 = ; /d(p (eéﬁ + %05/\/{ + 8xoU + 4p5V>
T

k 4 @) 4 )
> /d<p <655J+ epdP + 367 6T® + 3P PG ).
with
L=N-3M U=2-3V,
and
c=T1—ve p=r—uvy .
4.2.4 FW-Algebras from u(1)-Algebras®

Using (4.47) as well as the mode expansions (4.32) and

1 —in 2 —in
N(SO) = E ZL’ﬂe (P7 M(QD) = E ZMne Lp,
neZ neZ
\/3 —in \/g —in
Z(p) = o D Une ™, V(g) = D Vae ™,
ne”Z nez
= 1 —in(p—p
5(@‘@)2526 (e=2),
ne”Z

we find that the twisted Sugawara construction for the FWj algebra is given by

1 3
Ln=~ > (anPp + 4J7(l?’)pPZ§3)) — inP,,
PEZL

1 3 f .
M, = o 3 <Jn_pJp + 8J,(L?’_)pJ,§‘3)> — inJy,

PEZL
V3 3.3) 3 3 3
Un =15 Jn—paqlp — ZJn,p,qJ]g V) I 20, S P,
P,q€EZ
3i (3) 3 V3 2 p(3
=T [Br—20) S, Py + (4 2p) Sy PP | = 2P,

23The explicit computations in this section were performed by our collaborator Max Riegler.
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(4.48)

(4.49a)

(4.49D)

(4.50a)

(4.50b)

(4.50¢)

(4.51a)

(4.51D)

(4.51c¢)



3i : 3
Vn =17 Z ( n—p—q-Jp —2g® J<3>> I — %Z(3n—2p)J,§‘?pJp—§n2J§>. (4.51d)

4 n—p—q-p
P,qEL PEZL

At this point it is important to note that we already implicitly assumed some kind of normal ordering
prescription for the constituents of the operators appearing in (4.51). The ordering prescription we chose
is in accordance with the ones for induced representations as shown in [57]. Computing the commutation
relations of these new operators, we find that they satisfy the FW3 algebra, see (4.18), however, with
different A,, and ©,,

Ap =Y MpLy p,  ©n=> MM,_,, (4.52)

PEZ PEZL

since the normal ordering is performed with respect to induced representations, instead of being performed
with respect to highest weight representations. In addition to the commutation relations of the spin-2 and
spin-3 generators, we find the following non-vanishing commutation relations with the spin-1 currents

[Li, Jm] = — mdpim — in k6n+m 0, (4.53a)
(L, Pn] = — mPrym, (4.53b)
(L, J) = mJﬁzm, (4.53¢)
[Ln, PG == mPS,, (4.53d)
[My, Ppn] = — mdpim —in k5n+m 0, (4.53e)
(M, PD) = —mJ,, (4.53f)
2 3
[Un, Jin] = f Y A— me(Sn +2m) %, (4.53g)
PEZ
23 3
[Up, P] = — T\fmz (Jn+m_qu(3) +J8 P, ) n \me(Sn +om)PP) (4.53h)
pEL
(U, JE)] = Z IO T 4 2Bt 2m) i — i, (4.531)
= V3 V3
2V3 4 2
[Un, P2 :—‘[mz (J,(L ) PO — Jn+mppq> + =L m(3n + 2m) Py, (4.53])
E e 3 V3
2 2k
V,, P T T 4 Zom(Bn 4 2m) Ty — 6 , 4.53k
[ n pEZZ n+m—p \/g ( ) 1+m \/?: n+m,0 ( )
2 3i
Vi, Pra] = ;ﬁf > Jnrmp P + me(Sn +2m)J3, . (4.531)
PEZL

4.2.5 Entropy of Cosmological Solutions

After having found a map between the boundary conditions in diagonal and highest weight gauge, one
can show explicitly that the entropy calculated using the near horizon boundary conditions also coincides
precisely with the one given in [52,53]. Note that this has to be the case, since we have already shown that
our charges precisely coincide with the ones in [52,53] and the entropy is given as S = —H = —5Q]ela, |-
As discussed in [4-6] one advantage of the near horizon boundary conditions is that regularity of the
solutions holds regardless of the value of the global charges, since the corresponding holonomy conditions
are solved trivially. We assume that our Euclidean manifold has the topology of a solid torus, where the
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Euclidean time coordinate 7 = iv with 0 < 7 < 8 corresponds to the contractible cycle.
Regularity of the solution requires the holonomy of the gauge fields around any contractible circle be

trivial. Hence,
He = Pefc“ — exp(/
p

For our boundary conditions, which are in diagonal gauge, this holonomy condition is trivially solved by

ar dT> =1. (4.54)
=0

~9
pg =n =0, up:f% and u;?:f””?iﬁm withn,m € Z.  (4.55)

Hence, as already stated above regularity holds regardless of the value of the state-dependent functions
J, P, TG and P®). The entropy can now be computed via

k k
S=-0H= —%5/&,0 (A Ay) = —%ﬂ/dcp (aray) . (4.56)

Using (4.26) and (4.55) we get

_kn
T3

For simplicity’s sake we restrict ourselves to zero-modes only. Since flat space cosmologies are solutions
with constant state-dependent functions, this is the most important case. Thus,

S (3mP +2(m — 2n)P<3>) . (4.57)

T () = J = %JO, Pp) = P = %Pm TP (p) = JO) = %J53)7 P® (p) = P®) = %PS’),
M (p) - M =const, V(¢)— V = const, Z (p) = Z = const, N (p) = N = const .
For the branch m = 2, n = 1 the entropy (4.57) reduces to
S = 2knP. (4.58)

We will see that it is exactly this branch that is connected continuously to the cosmological spacetimes
in pure Einstein gravity and coincides with the results from [52,53]. The expression for P in terms of the
asymptotic charges is given as (for details of the calculation refer to appendix D.4)

NVM cos () — 4v/3Z sin (£ 82
P=+ cos () — 4v3Zsin (5) where = arcsin <6\/§ ( ! ) V). (4.59)

/ 108V2 M
M1 -5

The form of (4.59) makes it easier to compare our result to the explicit expression given in [53], see also
subsection 4.1.3, where a different basis was used. In terms of the asymptotic charges given in [53], see
(4.23), the entropy (4.58) may be rewritten as

S = 2274/ %T sec(®) |+T cos (2:3)) - j;%sin <(§)
k
® = arcsin (3\/ SA W> . (4.60b)
8V np3

In order to make contact with the cosmological configurations in pure Einstein gravity (4.20) we have to

restrict ourselves to the branch
7 20 | [3kV (@&
cos | — ——sin | —
3 TP 4 3
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with (4.60a)

with (4.61a)




® = F arcsin (Z\/ 71-??3 W) , (4.61b)

where the sign of ® has to be the opposite sign with respect to J such that consistency with (4.60) is
guaranteed. Equation (4.61) coincides precisely with formula (65) given in [53]. Thus, we see that the
branch of the entropy that is continuously connected to the cosmological spacetimes in pure Einstein
gravity only depends on the Py = kP mode, see (4.58). Equation (4.58) can be brought into a more
suggestive form by linearly combining the zero-modes (4.34) such that (4.61) becomes

S =2knP =2wPy=2n(Jy +J;), (4.62)
which is precisely the result, already found in the spin-2 AdS [4], spin-3 AdS [6] and spin-2 flat space

case [5]. This suggests a universal relation for the entropy in terms of the spin-2 (near horizon) zero-mode
charges. It is surprising that the entropy does not at all depend on the spin-3 zero-modes.
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5 Conclusion and Outlook

In this work, novel boundary conditions for spin-3 gravity in flat space were introduced. In chapter
3 we reviewed the asymptotically AdS (Brown-Henneaux) boundary conditions and the “near horizon”
boundary conditions for spin-2 gravity in AdS. In chapter 4 we proposed new boundary conditions for
spin-3 gravity in flat space with chemical potentials (4.26) and showed that they lead to finite, integrable
and conserved charges. Furthermore, we showed that, similarly to the already existing cases of “near
horizon” boundary conditions [4-6], the asymptotic symmetry algebra for spin-3 gravity in flat space is
given by four 1i(1) current algebras (4.33). We also showed that all vacuum descendants of our theory
are soft, in the sense of having zero energy while still being non-trivial; they thus may be regarded
as higher-spin soft hair. We found that through a proper gauge transformation our “near horizon”
boundary conditions can be translated from the diagonal gauge into the standard highest weight gauge.
This made it possible to relate the remarkably simple entropy in terms of near horizon variables to the
more complicated one in terms of asymptotic variables. We found that the branch that is continuously
connected to the cosmological spacetimes of general relativity only depends on the spin-2 (near horizon)
zero-modes (4.58). The result is precisely the same as was found in [4-6], which suggests a universal
relation.

However, many questions remain open. First of all, it would be interesting to investigate the universality of
the entropy result by generalizing our considerations to conformal gravity, supersymmetric gravity, higher
dimensions and non-principally embedded higher-spin theories. To do so, it would be useful to investigate
a more systematic way of proposing extensions of the near horizon boundary conditions. Furthermore,
it would be interesting to explicitely construct higher-spin microstates along the lines of [58]. Our
considerations have focused on the (higher-spin generalization) of future null infinity. Investigations using
the full structure of asymptotically flat spacetimes [59] have provided fascinating connections between
soft modes and conservation laws [60-62]. Furthermore, such investigations might even provide insights
into the black hole information paradox [8].
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A Algebras and their Matrix Representations

A1l sl(2,R)
Algebra
[Ln, L] = (0 —m)Lyntm (A1)
with n,m = —1,0, 1.
Non-Degenerate Invariant Bilinear Form
L; Ly L,
_ Ly 0 0 -1
(Lp, L) = Lo | 0 % 0 (A.2)
Ly|—-1 0 0
Fundamental Representation
0 0 1/1 0 0 -1
Ll_(1 0)’ Lo_z(o —1)’ L1_<0 0)' (A.3)
Connection to su(2)
The fundamental representation of su(2) is given by
1/0 1 1 /0 —i 1 0
Sl_z<1 0)’ SO_Q(z‘ 0>’ 33_(0 1)' (A-4)

We know from quantum mechanics that one can define a raising and lowering operator of a spin-1/2
(A.5)

system via

. 0 1 . 0 0
S+:Sl—|—232:<0 O)Z—L_l, S_:Sl—ZSQZ<1 0>_
(A.6)

which act on ({| = (0,1) or (1| = (1,0) via
S4+[M =8+[{)=0.

Sty =11, s-IN=I,

Thus, up to a sign in (A.5) we find that L; and L_; are nothing else than the raising and lowering
operators of a spin-1/2 system, which in turn coins the term highest weight gauge in section 3.2.3.
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A.2 isl(3,R) algebra

Algebra
Ly, L] = (n —m)Lptm (A.7a)
[Lna Mm] = (n - m)Mner y (A 7b)
L, Un] = (2n — m)Uppm , (A.7c)
Loy Vin] = (20 — m)Vipm (A.7d)
[Un, U] = o(n —m)(2n? + 2m?* — nm — 8)Ly i (A.7e)
[Un, V] = o(n —m)(2n* + 2m? —nm — 8)My (A.7f)

with ¢ = —1,0,1 and m = —2,—1,0,1,2. The L, generate rotations, the M, generate translations and

U,, V,, generate spin-3 transformations. The factor o fixes the normalization of the spin-3 generators U,
and V,,. We choose

=—=. A8
o= (A8)
Non-Degenerate Invariant Bilinear Form
M, My M,
_ Ly |0 O 1
(Lo M) = —2 Lo | 0 _% 0 , (A.9a)
L, 1 0 0
as well as
Vo Vi Vo V_; V_o
Uy |0 0 0 O 4
. u (0 0 0 -1 0
(Up Vi) =2 W0 o % 0 0 (A.9Db)
u_;|0 -1 0 O 0
Uso[4 0 0 0 0
All other pairings of generators inside the bilinear form (-, -) are zero.

(8 + 1)-Matrix Representation

Throughout this work we have used the following matrix representation of the isl(3,R) generators G

adgxs oddgx1
¢ = A.10
(@1><8 0 ) ’ ( )

with adgxg being an 8 x 8 matrix and oddgx1 being an 8 x 1 column vector. The even generators L,, and
U, have ad # O, odd = O, while the odd generators M,, and V,, have ad = O, odd # Q. If we now use the
odd generators as unit basis vectors we get

oddy, = Ep42, oddy,, = Enq6 (A.11)
with
.E‘Z:(O,70,1,0,,0),1—'7 1=1...8. (A12)
i1 8—i



The ad-parts of the even generators are then given by
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0
0
0
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1
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adU1 =

(6 X 6) representation

Another useful representation of the isl(3,R) algebra is given in terms of 6 x 6 block-diagonal matrices®*.

It is convenient to write them as 3 x 3 matrices tensored by 2 x 2 diagonal matrices. The block structure is

a remnant of the decomposition of the AdS algebra s0(2,2) ~ 50(2,1) @ s0(2, 1) before the Inénii-Wigner

24Qur collaborators Max Riegler and Martin Ammon used this representation to perform their calculations.
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contraction. In this representation the generators are given as

000 10 0 0 -2 0

Li=11 0 0] ®1Laxe, Lo=({0 0 0 |®ILyxa, La=1[0 0 =2 Ilaxa,
010 00 -1 0 0 0
000 0 0 0 2.0 0

Up= [0 0 0] ® Lo, Ui=[1 0 0])®Lae, Up=[0 -5 0]®La,
2 00 0 -1 0 0o 0 2
0 -2 0 00 8

U1=(0 0 2| ®I1sxs2, Uos=1[0 0 0] ®1sxsa. (A13)
0 0 0 000

All odd generators can be written as a product of corresponding even generators times a y*-matrix,
M, = €L, X", V, =€U, X", (A.14)

where € is a Grassmann parameter (e = 0) and

. I3x3  Osxs
= . A.15
7 <@3><3 ]13x3> ( )
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B Differential Forms?®

In this appendix we provide a short collection of useful definitions and relations for differential forms,
which have been used throughout this work — we closely follow the textbook by Nakahara [64].

Def: A differential form of order p is a totally antisymmetric tensor of type (0, p), where the entry “0”
denotes the number of contravariant indices and p denotes the number of covariant indices.

Def: The wedge product A of p one-forms is defined by the totally antisymmetric tensor product

dz"t AdzH? A Adatr = Z sgn(P) dz#r® @ dahr® @ .- @ dahr® | (B.1)
Pes,

where P is an element of Sj,, the symmetric group of order p and sgn(P) is +1 for even and —1 for
odd permutations. If we denote the vector space of p-forms at a certain point m of our manifold M
as QP (M), then the set of p-forms (B.1) forms a basis of QP,(M). An element o € QF (M) can be

expanded as

1
o= =0 e, A2 Ad?? A A et (B.2)
p

For the p-form « and the b-form S the definition of the exterior product A leads to a (p + b)-form and
can be written as

1
alfB= oTh Qs pi iy Brip i pipsa gy AT A dzh2 Ao A datet?, (B.3)

Def: The exterior derivative d is defined as

1
Ao = =0y iy oy A A da? Adzh? Ao A dats. (B.4)
p:

From this one may infer other useful relations

aAB=(-1)PBAa, (B.5)
ahNa=0, (B.6)
(@AP)Ny=an(BAY), (B.7)
dlanB)=daAp+ (-1)Pandg, (B.8)
d*>=0. (B.9)

Def: The Hodge dualization of a generic antisymmetric tensor with (n — k)-indices is defined as

1 S
(*n)il,ig,...,in e Eﬁjl,jz,...,jk V ‘d6t9|€jhmdkil,z‘",k ) (B.10)

where g is the metric tensor.

25This appendix is based on a file originally written by Stefan Prohazka as part of his Master thesis [63]
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C Conformal Weight

We have already mentioned in section 1.3 that a notion of spin s can be introduced through the trans-
formation behaviour of fields under conformal transformations®®. In conformal field theory the property,
which characterizes the transformation behaviour of a conformal field is called conformal weight h. The
two terms spin and conformal weight are used synonymously in this thesis, i.e. s = h. For more infor-
mation on conformal field theory consult e.g. [44,65].

A field ®(z) that transforms under conformal transformations z — f(z) as

3'(2) = (agf))hcp(z). (C.1)

is called a primary field of conformal weight (or conformal dimension) h. Therefore, as already mentioned
in section 1.3 higher-spin fields are equivalent to higher-rank fields. For instance, the metric, a rank two
tensor, has conformal weight two.

Under infinitesimal transformations z — f(z) = 2z + €(z) the primary field ®(z) transforms as

0D =P (2+€(2)—P(2) = (1 4+ hd.e(2)) (D(2) + €(2)0,P(2)) —P(2) = hagi(ZZ)QJ(z)—i—e(z) 8‘1{;23') . (C.2)

Expanding €(z) into Fourier modes
=Y e (©3)

leads to
5D = 2", (n+ 1)h + 20,) D(2). (C.4)

If we now assume that L, is the generator of these conformal transformations and acts on the field ®(2)
via a commutator, we may rewrite (C.4) as

L, ®(2)] = 2" ((n+ 1)h + 20,) ®(2) . (C.5)

Expanding the field ®(z) into Fourier modes leads to

L., ®(z)] = Z[Ln,fb zmmh Zz (n+1Dh+ 20,) &,z ™ "

_Z (n+Dh+ (=m—h)) @z =" ((n+ Dh+ (—m —n—h)) Qppynz ™"

m

= Z m) Bz ™, (C.6)

26Note that conformal transformations also include Lorentz transformations.
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where we have performed an index shift in the second line. By comparing the summands we find that
L, @] = ((h—1) —m) Pppip - (C.7)
Thus, for the Fourier modes of a spin-2 field M,, we find the relation
Loy M) = (n—m) Mypgn, (C.8)
while the Fourier modes of a spin-3 field U,, satisfy
L, Un] = (2m — n)Uppgr, - (C.9)
The generators L,,, which generate such infinitesimal conformal transformations span the Virasoro algebra

im(m2

[Lma Ln} = (m - n)Lm—i-n + 12

- 1)6m+n,0 ) (C.IO)
where ¢ denotes the central extension. In a conformal field theory L, are the Fourier modes of the
energy-momentum tensor, a quasi-primary field of conformal weight two. Equipped with this knowledge
we are now able to identify the generators in e.g. (4.18) as the Fourier modes of spin-2 and spin-3 fields,
respectively.

Comment

Until now we have restricted the discussion to chiral fields ® = ®(z). However, note that in two-
dimensional conformal field theories fields ® can generally depend on both coordinates, i.e. ® = &(z, 2).
In two dimensions the conformal field theory is spanned by two copies of the Virasoro algebra, generated
by L, and L, see (3.19). In this case the Hamiltonian and the angular momentum (= spin) operator are
given as the sum or the difference of the Virasoro zero-modes, i.e. H = Lg+Lg and J = S = Ly — L with
eigenvalues F =h+h and j =s=h — h.

A chiral quasi-primary field of conformal weight (h,h) = (2,0) can thus be generated by acting with L_o
on the vacuum |0), i.e. via L_5]0). This excitation carries spin two and energy two. However, if we
consider the vacuum descendant L_,L_5|0), a quasi-primary field of conformal weight (h, h) = (2,2), we
readily infer that it corresponds to a spin-0 and energy-4 excitation.
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D Calculations

D.1 Symmetries and DOF of the Riemann Tensor

According to equation (2.4) the Riemann tensor is antisymmetric in « and
Ragnﬂs = —R@a,\,(s. (D.l)
Now, we explicitly derive other symmetry properties of the Riemann tensor, which will impose restrictions

on the number of degrees of freedom in our theory.

Antisymmetry in the second index pair

One may easily proove the antisymmetry of the Riemann tensor in the second index pair by using the
metric compatibility of the covariant derivative

Vygap =0 (metric compatibility) , (D.2)

0= [V, Valoys = Ropy 9¢5 + Ry 9r¢ = Raprs + Ragsy =0, (D.3)

= Raﬁ'yzs = *Raﬁéfy . (D4)

Rapys = —Rapsy = Rpasy - (D.5)

A general rank 4-tensor in d dimensions has d* entries. Due to the antisymmetry in the first and second
index pair I = {i,j} and J = {k,l}, respectively, each one considered alone would give us W

independent entries, i.e.

=g} - w, (D.6)
J={kl} - w. (D.7)

Bianchi identity

After encountering the antisymmetry of the Riemann tensor in both index pairs, one would expect the
number of degrees of freedom to be
d(d—1)\>
o= () (D.8)

2

However, the Bianchi identity restricts the number of degrees of freedom further
1
Rajpys) = 3 (Rapys + Ravop + Raspy) =0, (D.9)
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where the square brackets denote total antisymmetrization®”. The Bianchi identity gives another d - ((j)
independent equations which reduce the number of degrees of freedom to

4y = (d(d1)> = d-d (> —=d)”  d*(d—1)(d—2)

2 d—3)3 4 6
d*—2d3+d*> d*-3d3+2d*> 1 ,,
= 0 - c =55 (d'=d?). (D.10)

Additional Symmetries of the Riemann Tensor

Furthermore, the Riemann tensor is symmetric in the index pair {I, J}, i.e.
Ropgys = Rysag - (D.11)

For the derivation of this relation we need the first Bianchi identity. Furthermore, we use the antisym-
metry of the Riemann tensor in the first and second index pair

Rapys = —Rpays,  Rapys = —Rapsy - (D.12)

Note that this symmetry does not restrict the number of degrees any further, since this symmetry follows
directly from the Bianchi identity. We start by considering

(D.9) (D.12)
Rapys = Bysap = Rapys = (—Ryaps — Rypsa) = Rapys — Rayps — Rpysa
(D.9)
=" Rapys = (—Rapsy — Rasys) = (—Rpays — Rgsary)

D.12
= Roz,B'yé + Raﬁé'y +Ra6fy,3 + Rﬁa'yé + R[f&a’y ( = ) Ra&yﬁ - Ra[i'yé + R[iéa’y
—_———
=0
(D.9)
= (_Raéﬁ'y - Raﬁyé) + RB(SQ"/ - Rafyéﬂ + Rﬁéa'y = —Raryﬁé + RB(SQA/ . (Dl?))

Interchanging the names a <+ 8 and v > § gives
Rapys — Bosap = —Rpsay + Rayps - (D.14)
Adding (D.13) to (D.14) gives 2 (Ragys — Rys5a3) = 0 and thus we arrive at
Rapys = Rysas (D.15)

as proposed.

D.2 Equivalence of EHP and CS action

We explicitly derive that the Einstein-Hilbert-Palatini action is equivalent to the Chern-Simons action
up to a boundary term. Starting from the Chern-Simons-action

Ios[A] = % /M (A,dA) + % (AN A,A) (D.16)

27The Bianchi identity can be derived by using the Jacobi identity and torsion freedom of the covariant derivative.
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and inserting A = e“P, + w®J, yields

k
Ios[A4] =0 /M ¥ A dwg + de” Aw,

k 2
— (e A e’ (—AegpedC) + 2% A w® (€apePE) + W A WP (€apeJC) , €L Py + wJy)
47(' M 3
k 1
1= e A dwg + de® A w, + 3 (—Aeabcea Ael Ae + wh Awb A eCenpe + 2% Awb A wceabc)
T JM
k a a 1 a b c a b c
= d(e* Nwg) +2e% Ndwy — = A€gpee® A e’ A e + egpee® Aw’ Aw®, (D.17)
47T M 3

where we have used properties of the wedge product, see appendix B, the algebra relation (2.20) and the
bilinear form (2.21). Here, the first term is a boundary term which shall be neglected in our discussion
and the rest can be written as

k A
Ics[A] = o /M e* AR, — Eeabcea Aeb Ae, (D.18)

which is exactly the Einstein-Hilbert-Palatini action (2.15) after setting k equal to ﬁ.

D.3 EOM of a Constrained System

The following analysis is based on [66]. In a gauge system defined by the Lagrangian L(q,¢) the matrix
2 .
% is typically not invertible, which implies that one cannot uniquely recover the velocities ¢* in terms

of the momenta p; = qui. In fact, non-trivial relations ¢,,(g,p) = 0 between the coordinates and the

momenta called primary constraints exist. The construction of the Hamiltonian is now slightly more
involved than usual. The canonical Hamiltonian is given by

He = pig' — L. (D.19)

This Hamiltonian is not yet complete because it tells us nothing about the primary constraints. Varying
(D.19) yields

) . oL _.., OL_.. . OJL _
0Hc = 0p;iq* i0¢" — —0¢" — =——0¢" = dpiq' — — 94", D.20
¢ =0pid" +pidd’ = 5500" = 5500" = dpid’ — 5 504 (D.20)
which can be rewritten as
OHc O0Hs OL )
—q" | op; —_— - ) 6¢* = 0. D.21
(o~ i (g + g3 ) (b-21)

To analyze this equation further, one has to make use of the fact that p and ¢ are varied on the constrained
surface, which is an embedded submanifold of dimension 2N — M (where N is the number of degrees of
freedom and M the number of primary constraints). For the whole expression to be zero, the coefficients
of dp; and d¢* must be vectors within the complement of the tangent space of the constrained surface,
which is a M-dimensional subspace of the whole tangent space of the phase space. Clearly, the M vectors
%i? op;, %ﬁ? §q* also lie in this subspace. If the constraints obey certain regularity conditions, see [66],
they are all linearly independent and provide a basis. Hence, the coefficients of (D.21) can be expanded
in this basis, which yields

Op; Op;

(D.22)
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oL OHc mObm
- = : U —. D.23
aq* aq* + aq* ( )
The u™ can be thought of additional coordinates of the configuration space which guarantee that the
Legendre transformation from (g, q) to (g,p,u) is invertible. After using the Lagrange equation qui =
d oL

we arrive at the final form of the Hamiltonian equations

dt 8q?
. OHt
b= D.24
q op; (D.24)
. OHt
) = — D.25
p 94, (D.25)
with the total Hamiltonian
Hr = Ho 4+ u" ¢, (D.26)

D.4 Sketch of the Transformation to Highest Weight Boundary
Conditions
In the following we sketch how the diagonal boundary condition can be systematically transformed into

the highest weight boundary conditions through a gauge transformation. We recall that the diagonal
boundary conditions for spin-3 gravity are given by

a=a,dv+a,dyp (D.27)
with
ay, = J Lo+ PMy+ T3 Uy + PP vy, (D.28a)
ay = pp Lo + pr7 Mo + Mg) Up + HE;) Vo. (D.28b)
The highest weight boundary conditions are given by
G, =1L1 — %L,l — %[M,l + gU,Q + ZV_o, (D.29a)
dy = al® 4 a0 4 q() 4 ) 4 glmo) (D.29b)
where
a® =M — %M_l + gv_z, (D.30a)
alt™) = py My — pl, Mo + & (pl — EMp) Moy + 3V iy Voo, (D.30Db)
alt) = qf) lr — 3N Moy + Z Voo, (D.30¢c)
a{™) = iy Vo — i, Vi + 5 (1 — Mpe) Vo + & (= p + M iy + SMpl) vy
+ o (" =AM — IMpl, + My — M ) Voo — 4V g Moy, (D.30d)
afv) = af)”"wMﬁL = 8Z iy Moy — N o Vo + (BNl + 3N py) V4
(= AN IN — S A+ I MN ) Vo, (D.30¢)

First, we concentrate on the a, component of the connection only and try to find a gauge transforma-
tion that maps a, into a,. Following this we read off the relation between the near horizon and the
asymptotic state-dependent functions. Then we explicitly check that this transformation also maps the
a, components, from which we then read off the relation between near horizon and asymptotic chemical
potentials.
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Mapping a, to a,

We consider a gauge transformation g(;) of the form
gy =exp[[Ly + mM + w3 Uy + 01 V3 +usUp + 02 Va] . (D.31)

After performing a gauge transformation 9(_1§ (Qp + aw) g(1) on a, we arrive at

al) =Ly + T Lo+ Py + TP Uy + POy, (D.32)
if we demand that

(=147 +21, TP, (D.33a)

m =P +mP + 2, PP 420,70, (D.33b)

W =wJ 4279, (D.33c)

o) =P+ 0,7 +2PO) 4 2mT®) (D.33d)

w, = —% +2un, (D.33¢)

vy = —% + 2usP + 2027 . (D.33f)

The motivation for doing this is that we can see from the structure of the Lie algebra, see (A.7), that

by acting on (D.32) with generators T; = {L;,M;,Uy,,V,|i,n < 0}, we only change the components of

a, with respect to the generators T; = {L;,M;, Uy, V,|i,n < 0}. Thus, we now act on &Epl) with a gauge

transformation of the form
g(2) = €xp [ClLfl +bU_; +cUs+0M 3 +eV_; + fV,Q] . (D.34)

Requiring that the subsequent connection a(f) takes the form (D.29) leads to the relations

0= _% 7 (D.35)

(3)
b= _‘77 , (D.36)

1 (3 j(g)/

0= _% , (D.38)

(3)
- _PT ’ (D.39)

1 ) (3)
=+ (PJ(“) +IPB ¢ 7)2> (D.40)
with the identifications of the asymptotic state-dependent functions via
4 2

M=J%+3 (g(?»)) +27, (D.41a)
N=JP+ % TOPE 4 pr, (D.41b)
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3 7 "
V= 5i4 (18j2j<3> 8 (j<3>) 197 T® 1217 T3 £ og® ) : (D.41c)
z- L (6727;(3) _8p® (j(:a))2 4 3p® 77 4 37 P!
36

+97P® +9Pg® 1 12PpT T + 37><3>”) : (D.41d)

Now we can act on the a, component of the gauge field with the gauge transformation g = g(1)g(2) and
find that it indeed takes the form (D.28b) if we identify the asymptotic chemical potentials with

4

nr = gMUj(S) — ppl— ng)ul +1, (D.42a)
i = %uUp@ + gwj@ — ppm — gl — 2053 01 — 20Dy + i, (D.42b)
Hu = —2upus + ug’) ?+ ,ug)u% + %u{[ — %[iq + o, (D.42c¢)
v = —2pp0s — 2pgus + 2l + 2uy0, 18 + D2 —

- %uli + %ulrh - %mﬂl - %rﬁl + 0a. (D.42d)

The consistency requirement 0,0, = 0,0, for all parameters 1 € {[,m, 1,01, uz, 02} leads to an explicit
relation between the near horizon and asymptotic chemical potentials

pp = prP + g,UUjj(B) + %MUJ’ - %.UIUJ — Ko, (D.43a)
wr = upP + %,MUPJ(S) + g,uUJP(g) + guvjj(?’)
+ %NU,P/ + %qu’ - ;MUP - %ubj — Har, (D.43b)
1 = TP+ J? - %/«LU (7(3))2 —puJ’ g/lbj + %M}, (D.43c)
,Uf;) =P+ un I 4 200 PT + pv I — guUP(B)j(g) - g,uv (J(S))z
— T — poP' — gubJ - %u’zﬂ’ + %u’é- (D.43d)

Mapping the Entropy of Spin-3 Cosmologies

Here we solve the relations given between asymptotic and near horizon zero-mode charges, see (D.41), in
terms of near horizon charges. Under restriction to constant state-dependent functions (D.41) reduces to

4 ) a2
_ e dm

M=J2+ 2 (J ) : (D.44a)

N=JP+ §J(3>P(3>, (D.44b)
1 sz _g (@)

V= (1&7 J® 8 (J ) , (D.44c)

1 2
Z= (6J2P<3> —8P® (J(3)) + 12PJJ<3>> . (D.44d)
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Solving (D.44a) for J2
1 2
7= <3M - 4(J<3>) ) (D.45)
and inserting the expression into (D.44c) leads to a cubic equation in terms of J ®)
16(JG)’ 1+ 27V = 9J® )1 . (D.46)

The general solution of this cubic equation can be looked up, see e.g. [67], and is given by

@ 1 (1 1\*?  2mg
J :5\/§\/Msm 5 arcsin 6v3 i V=11, (D.47)

where the three roots are labelled by integers g = 0,1,2. We choose g = 0 since this is the branch
connected to the cosmological solutions of Einstein gravity (4.19). Solving (D.44b) in terms of JP

1
JP =3 (3N - 4J<3>P<3>) (D.48)

and inserting (D.45) and (D.48) into (D.44d) gives

6(3Z—JON)

PO =22 T (D.49)
16(J3)" —3M
This in turn can be reinserted into (D.44b) such that (D.44b) can be solved in terms of P
—8(J®)N =24 Z 4 3NM
P = () 5 (D.50)
J (3M = 16(J)?)
Inserting (D.47) into (D.50) and simplifying the expression leads to
NVM cos (%) — 4/3Z sin (% 1\*?
P=+ cos (5) — 4V3Zsin (5) with x = arcsin | 6v/3 () V. (D.51)
M./l _ losvz M
M3
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