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Abstract: We present a framework that allows to find dynamical higher-spin gravity
solutions in three dimensions. The dynamics is provided by particles which are coupled
to the gravitational background. This coupling is performed in the language of gauge
theory, a possibility that arises in three dimensions due to the fact that gravity can be
recast in this specific case as a particular gauge theory known as Chern-Simons. The
key feature of this formulation is that it is conceivable to extend the gauge group, thus
passing from pure (spin-2) gravity to higher-spin gravity. Building on a setup that
mirrors the ones leading to certain models of gravitational collapse, we derive a set of
equations of motion for the gauge connections whose integrals correspond to dynamical
solutions, a characteristic absent in the higher-spin solutions known to date. Via the
gauge/gravity duality, the kind of dynamical gravity solutions we discuss are used to
describe progress towards thermalization of a field theory that has been injected some
energy. By investigating higher-spin generalizations of these solutions we therefore

hope to shed some light on further aspects of that very process.
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Chapter 1

Introduction

A duality relating gravity theories on asymptotically Anti-de-Sitter (AdS) spacetimes to
conformal field theories (CFTs) was conjectured by the physicist Juan Maldacena near the
end of the 1990’s [1]. In this duality, dubbed AdS/CFT, a higher dimensional bulk — the
gravity theory — is mapped into a lower dimensional boundary — the CFT. In this sense, the
aforementioned duality is then a particular realization of the holographic principle, which in
the context of semi-classical considerations for quantum gravity asserts that the information
stored in a volume Vjy; is encoded on its boundary area A; measured in units of the
Planck area [2]. In its strongest version, AdS/CFT implies the complete physical equivalence
between the gravity theory and the quantum field theory in consideration, meaning that
the parameters of each theory are identified with those of the other for generic values of
those parameters. However, since different regimes of the parameters are usually associated
with perturbative or non-perturbative sectors of the theories, explicit computations are out of
reach for arbitrary ranges, particularly in the non-perturbative part. A possible simplification
consists in specializing to the weakly coupled regime of string theory, which corresponds to
a classical gravity theory (and some possible corrections thereof). It turns out that this
specialization can be done keeping the field theory in its strongly coupled regime. In this
particular, more tractable limit AdS/CFT then becomes an example of a strong-weak coupling
duality, providing a tool (the gravity theory) to gain new insights into the highly non-trivial
non-perturbative sector of the quantum field theory. This remarkable feature has allowed the

AdS/CFT correspondence to find domains of applicability ranging from hydrodynamics [3]
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to quark-gluon plasma [4], and to superfluidity and superconductivity [5], among others’.
Particularly interesting setups into which the AdS/CFT correspondence can offer new
insights are those involving dynamics. Examples of phenomena intrinsically related to the
presence of dynamics in the field theory side which have been addressed holographically
include thermalization, transport and chaos. For instance, the correspondence has been used
as a tool to probe the scale dependence of thermalization in two-dimensional strongly coupled
field theories which have been injected some finite energy [6]. Probes of thermalization can
be achieved by comparing the instantaneous values of non-local quantities such as two-point
functions or entanglement entropy with the values at thermal equilibrium?. While calculating
these quantities from first principles in the quantum field theory is challenging, they can be
computed relatively easily using holography. Through the AdS/CFT correspondence, the
approach to thermal equilibrium in the boundary is related to the process of black hole
formation in the bulk. This is so because states of finite temperature in the CFT correspond
to black hole solutions in the bulk, or at least to solutions sharing some of their characteristic
features [2]. A simple model of black hole formation by collapse in AdS which has offered
insight into the dynamics of two-dimensional strongly field theories is the one described by

the ingoing Vaidya metric in three dimensions:

ds? = —F(r, v)dv2 + 2drdv + r2dg?, (1.1)

where F(r,v) = (1 + Z—; - M (v)), £ is the AdS radius, v is the ingoing Eddington-Finkelstein

coordinate, and r and ¢ are the standard spherical coordinates. Vaidya metrics are solutions

to the Einstein equations with a null energy-momentum tensor of the form 7}, = Méﬁv) 0,0,

As we will see, these metrics are to be viewed as non-static generalizations of the Schwarzschild

'For a thorough and pedagogical introduction to Maldacena’s correspondence the reader can refer
to the recent book [2]. We shall not try to give a detailed exposition of the AdS/CFT correspondence
as its role in our considerations is of a more indirect, inspirational nature. Suffice it to say, for the
advanced reader, that in Maldacena’s seminal paper the map g%, = 2mgs and 2¢%,,N = L*/a'? is
conjectured between the free parameters of N' = 4 Super Yang-Mills theory and of type IIB superstring
theory. The more tractable limit to which we have referred involves taking N — oo and gs — 0. The
strongly coupled regime of the field theory corresponds to taking g2 ,,N — oo, which amounts to
considering the limit o/ /L — 0 in the string theory side.

ZNotice that a local gauge invariant quantity such as the energy momentum tensor (T#") would not
provide information about progress towards thermalization. For instance, for spatially homogeneous
states of a weakly interacting massless scalar field, T = [ %k/k"n(k), where n(k) denotes the
occupation number of a momentum mode of the scalar field. T#” then does not tell us anything about
the particle distribution, unlike, for example, the equal-time two-point function, given by G(x) =

9% [n(k) + 1exp(ik - z).
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solution to Einstein’s field equations, in which case M is constant (see [8] for a detailed
treatment of Vaidya metrics). A particular example of an ingoing Vaidya metric which will
play an important role in our explorations is that of a thin null shell falling along v = vy,
which corresponds to the mass profile M (v) = m O(v — vp), with m constant.

Via the AdS/CFT dictionary, the computation of the equal-time two-point function can
be reduced to some intrinsically geometrical bulk calculation. Indeed, following [9], equal-time

Green functions in CFTs can be computed via a path integral as

(O, x)O(t,x')) = / DPALP) & 3 AL (1.2)

geodesics
where the paths, of proper length L(P), begin and end at the boundary points (¢,x) and
(t,x’). The last expression is a saddlepoint approximation, effective for A > 1, in which £ is
the length of geodesics connecting the boundary points. Here A is a quantity known as the
conformal dimension of the operator O(t,x). It is given by A = 1(d + v/d? + 4m?), where d
is the dimensionality of the CFT and m is the mass of the scalar field that is holographically
related to the operator O(t,x) [6].

In addition to the correlation function, a quantity that constitutes a powerful probe of
dynamics of a field theory is the entanglement entropy. Consider a quantum mechanical
system in a state |®) that consists of two disjoint parts A and B. The entanglement entropy

of the system restricted to A is given by the von Neumann entropy

S(A) = —tra(palnpa), (1.3)

where p4 is the reduced density matrix obtained by taking a partial trace over the subsystem
B, ie py = trp|V)(¥|. The entanglement entropy provides us with a convenient measureof
the entanglement of a given wavefunction |¥) is?, and its time evolution has proved to
be a useful tool in the understanding of dynamics in CFTs, as illustrated by Cardy and
Calabrese in their remarkable work [10] (see [11] and references therein for computations

using holography). A proposal to compute holographically the entanglement entropy of a

3For illustration, consider a bipartite system with composite Hamiltonian H4 ® Hp. A pure state
in this system which can be written in the form |¥) = |¢) 4 ® |¢) p is called separable and the reduced
states are simply pa = |¢)a(¢|a, and similarly for pp. If the state is not separable in the sense just
mentioned, then it is said to be an entangled state, and p 4, pp are necessarily mixed. It is this mixture
that the von Neumann entropy measures. A characteristic feature of entanglement is that in this case
the von Neumann entropy of the global system is smaller than the sum of the von Neumann entropies
of the parts.
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region A was developed by Ryu and Takayanagi [14, 15]. Just as for the correlation function,
such computation rests on a geometrical quantity defined in the bulk. Explicitly, the Ryu-
Takayanagi prescription allows to compute the entanglement entropy Sgg in a d-dimensional
CFT via

Area(v,)
Sep = D GRE (1.4)

N
where 7 is the d — 1-dimensional minimal surface in AdS;y; whose boundary is given by dA,

and Ggf,”l) is the d + 1—dimensional Newton constant. The proposal (1.4) suggests a highly
non-trivial relation between entanglement and geometry that has inspired a number of works
aiming to understand whether the connectedness of the bulk spacetime emerges from the
entanglement of the boundary degrees of freedom [16].

In contrast to what happens in higher dimensions, there is a lot of analytic control over
two-dimensional conformal field theories. This makes of AdS3/CFTy a particularly rich
arena allowing to explore both sides of the correspondence. Furthermore, AdSs has the
remarkable property of being topological, meaning that it has no local propagating degrees
of freedom. A quick counting argument supports our claim: In d dimensions, the phase space
of general relativity is parametrized by a spatial metric at constant time, which has d(d —
1)/2 components, and its conjugate momentum, which has the same number of components.
However, d of the Einstein equations are not dynamical equations but constraints, and d
more degrees of freedom can be eliminated by coordinate choices [19]. This leaves us with
d(d—1) —2d = d(d — 3) degrees of freedom per point. If d = 4, we have the four phase space
degrees of freedom corresponding to the two gravitational polarizations and their conjugate
momenta. If d = 3, there are no local degrees of freedom.

As we shall see, many tasks are enormously simplified in three dimensions due to the
absence of local degrees of freedom. It should be pointed out, however, that this property
does not render the theory trivial, as was believed for many years. The major non-triviality
comes from the fact that, as shown by Baniados, Teitelboim and Zanelli [17], three-dimensional
gravity has a black hole solution. We mentioned before that black holes are dual to finite-
temperature states in the CFT. This means that the existence of this solution, known as the
BTZ black hole, is tantamount to the possibility of studying thermodynamic aspects of CF'Ta
via AdS/CFT. Such a possibility calls also for possible generalizations of the BTZ black hole

which would account for a corresponding generalization of the CF'T scenario. In this thesis we
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will be mostly concerned with attempts at generalizing this solution to scenarios with higher-
spin. The key point that allows to attempt such a generalization is the realization that, as a
consequence of its topological nature, AdSs turns out to be closely related to a gauge theory

known as Chern-Simons [18, 19]. The relation is established via the identification

SEH:k/ Tr(A/\dA+2A/\A/\A>
41 Jm 3

_k/ Tr(A/\dA+2A/\A/\A>—k/ Tr(A/\dA+2A/\A/\A) (1.5)
41 S pm 3 M 3

4

where A € so(2,2), and k, called the Chern-Simons level, takes values in a discrete subgroup
of the real numbers?. In the last line we have made use of the fact that SO(2,2) can be
written as SL(2,R) x SL(2,R), implying that A, A € sl(2,R).

Among the various advantages of the gauge theory reformulation of 3D gravity of (1.5)
there is the striking fact that one can study gravity coupled to higher-spin fields by simply
promoting the gauge group from SL(2,R) to SL(N,R) [21]. A related interesting feature
of these SL(N) theories is that the number of higher-spin fields is controlled by the choice
of the rank of the group. In this respect these theories differ fundamentally from different
approaches to higher-spin solutions, where an infinite tower of spins is necessary to ensure
causality [13]°. When dealing with the SL(N)-type theories we have mentioned, something
important to note is that, while the spin-2 metric is invariant under sl(2,R) transformations
(diffeomorphisms), it is does not remain unchanged under sl/(N,R) transformations. This is
so because, under these higher-spin transformations, the metric gets mixed with the higher
spin fields, which implies that intrinsically geometric notions such as black hole horizons or
geodesics are no longer gauge invariant. This last feature was investigated in e.g. [24], where
it was shown that a higher spin solution corresponding to a black hole metric in a given gauge
leads to a wormhole metric in another gauge.

If geometric notions are not gauge invariant in the SL(N) higher spin gravity theories,
then the prescriptions to holographically probe field theory dynamics that we discussed above
become useless. In particular, since different choices of gauge yield to different metrics, the
Ryu-Takayanagi formula (1.4) cannot be used to compute the entanglement entropy. In view

of this limitation, Ammon, Castro and Igbal proposed in [25] a gauge invariant generalization

4See [20] for a review of general aspects of Chern-Simons theory.

5This could actually be a negative feature of the SL(IN)-type theories, since from some string-
theory motivated considerations one expects an infinite tower of higher-spins. See [12] for some recent
comments on this issue.
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of Ryu-Takayanagi according to which the entanglement entropy of a single interval X (a

subdomain in the CFT) is

Spp = —log(Wr(C)) = —log <tr73(73 exp /C A)) , (1.6)

where W (C) is a bulk Wilson line in a (infinite-dimensional) representation R of the gauge
group SL(N,R) along a curve C that ends at the boundary at 90X, and P denotes path
ordering. If this proposal generalizes the Ryu-Takayanagi formula, then it should reproduce
the latter in the SL(2,R) case, which corresponds to pure gravity. This means that in this
case (1.6) should encode information about, for example, the length of a geodesic, which is
the kind of quantity involved in the Ryu-Takayanagi formula. However, after a quick look at
the equation (1.6), it seems hopeless to find that kind of information encoded on the Wilson
line, in particular because the only geometrical element present, the path C, is actually
irrelevant (the result of the integral is the same regardless of the path C; only the endpoints
will matter). To see how the information about geodesics could be encoded on Eq. (1.6),
we must recall that these curves are nothing but the paths followed by probe particles in a
given geometry. So, if we manage to read from (1.6) some information about paths followed
by point particles, then we would have a way to understand how this equation reduces to the
Ryu-Takayanagi proposal in the SL(2,R) case. For this, of course, we first need to find out
where in (1.6) such particles would be presumably hiding.

The answer to the puzzle just posed above is in the choice of the representation R in (1.6).
Indeed, as is well known, infinite dimensional representations of certain groups can be built
using as a basis the Hilbert space of a free particle®. This means that if one chooses an infinite-
dimensional representation R, the probe particles could naturally arise from the auxiliary
fields U of the Hilbert space which would serve as a basis. This not only "explains" why
(1.6) reduces sensibly to the Ryu-Takayanagi proposal, but also provides a way to compute
the ‘tr’ in our infinite-dimensional representation’ by means of a trace over the Hilbert space

8

that defines the partition function in the Hamiltonian formalism®. For us, the important

6The canonical example is the representation of the Poincaré group on one-particle states. See
footnote 6 for more details.

"The particular infinite-dimensional representations used by Ammon, Castro and Iqbal are known
as the highest-weight representations of SL(N,R). See [25] for details

8More precisely, we want to replace the quantum mechanical trace over R in (1.6) by a path
integral over the auxiliary field U which is attached to the curve C' and coupled to the connection
A as a background field, so that schematically Wr (C) = fDUe[_S(U;A)C], with S the action of the
system. The realization that the Wilson line can be computed in this way was actually the original
motivation to introduce the auxiliary quantum mechanical system, and it constitutes one of the many



1 INTRODUCTION 7

bit of this discussion is the presence of the probe particles and the possibility of coupling
them to the background connections. As we shall see, in the SL(2,R) (pure gravity) case,
this coupling has a natural general relativity-like realization (one simply adds the action of
the particle to the Einstein Hilbert action). This general relativity-inspired coupling can be
generalized to scenarios with higher spins. In any case, the key point is that, as proposed in
[41], the action of this particle can be written in the language of group manifolds in terms
of our SL(N,R)-valued field U and its (algebra-valued) "conjugate momentum" P. As we
shall see, this all follows from the fact that the metric of a manifold M of Lie group G can

be written as

g = Tr(U 10, UU10,U), (1.7)

where U € G.

With these particles at hand, one could imagine (minimally) coupling to our Chern-
Simons gravity a shell of matter formed by an infinite number of them. If this shell follows null
geodesics (i.e. collapses at the speed of light), then this would exactly mirror the kind of setup
that leads to the Vaidya-like solutions (1.1), as we shall review in detail. Moreover, since, as
we discussed, we can extend the gauge group to any SL(NN,R) we like, these particles could
carry higher-spin charges as determined by the values of the Casimirs of the representation®.
The question then arises as to the possibility of building in this way Vaidya-like solutions with
non-zero higher spin charge. Since the Vaidya metric is non-static, in this way we would be
building higher-spin solutions which, being Vaidya-inspired, are dynamical, a feature absent
in all the higher-spin solutions known to date. To address this question is the purpose of this
thesis.

The presentation of our explorations regarding the dynamics of higher-spin gravity
theories is divided into four main parts. A first part, condensed in Chapter 2, is devoted to the
aforementioned special features of gravity in three dimensions. We review the considerations

leading to the recast of 3D gravity as a Chern-Simons theory and we present a number

gems of [22]. Our way of introducing the Hilbert space was mostly guided by the necessity of the
probe particles, but both approaches are of course intrinsically related.

9A Casimir operator is an operator that commutes with all the generators of a given algebra. The
eingenvalues of the Casimirs label the representation and are associated with the spin charges that
arise in the system under study. For example, in the (total) angular momentum algebra, J? is a
quadratic Casimir and its eigenvalues are related to the total angular momentum quantum numbers.
In analogy to the square one, the cubic, quartic,... Casimirs control the value of the higher spin
charges. See footnote 6 for some further comments.
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of known three-dimensional gravity solutions, including the BTZ black hole as well as a
higher-spin example. Chapter 3 contains the second part of this work, which deals with the
possibility of adding dynamics by considering probes following geodesics in a Chern-Simons
background. We do this building on the example of a shell sourcing the Vaidya metric. As we
said, the translation of this example into the gauge theory language demands that we recast
the action of the particle in a group-theoretical fashion; we review how this is done starting
from (1.7). The equations of motion of the total action obtained by coupling the particle
action thus obtained to the Einstein-Hilbert one are also derived in this chapter. Possible
ways of solving these very equations is the subject we address in Chapter 4, which contains
the main original contributions of this thesis. Specifically, we see how to recover the Vaidya
metric from our gauge-theoretical equations, and we initiate the study of solutions carrying
non-zero spin-3 current. Our presentation concludes with a final chapter devoted to a general

discussion of our results.



Chapter 2

2 4+ 1— dimensional gravity as a

Chern-Simons theory

2.1 The vielbein formalism

A smooth manifold M comes naturally with its tangent spaces T},, which can be identified with
the space of directional derivative operators along curves through points p of the manifold.
Intuitively, one says that the tangent spaces contain the possible "directions" at which one can
tangentially pass through the points p. If one considers a coordinate chart with coordinates
x#, then there is an obvious set of directional derivatives at a given point, namely the partial
derivatives 0,,, which form a particular basis for the tangent space 7). Nothing prevents
us, however, from setting up different sets of bases. In particular, one can conceive an

orthonormal basis €, defined by the orthonormality condition

9(€(a)> €®)) = Nabs (2.1)

or equivalently

G = e#‘leybnab, (2.2)

where 7, is the canonical form of the metric (e.g. Minkowski in a Lorentzian space) and e,

known as the vielbeins, are the matrices that take us from the old to the new basis, i.e.

é(ﬂ) = (9“ = eu e(a). (2.3)
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A notion associated with the one of the tangent space is that of the cotangent space T};, which
is defined as the set of linear maps w : T, — R. The elements of the cotangent space are
known as one-forms. The canonical example of a one-form is the gradient of a function df.
Indeed, given a coordinate chart, the most natural basis for the cotangent space is provided

by the gradients dz*, since in this case one has dz#(9,) = gi‘: = 04. This last expression is

precisely what defines in general the duality condition between the basis of the tangent space
and that of the cotangent space.

Because the gradients dz* of the coordinate functions are a natural coordinate basis for
the cotangent space 7}, the vielbeins can be thought of as the components of a (1,1) tensor

of the form:

e= euadxu & é(a) (2.4)

Note that, as long as the orthonormality condition (2.1) is satisfied, the orthonormal basis
can be changed independently of the coordinates. The transformations that leave the flat
metric 7qp invariant are, according to its signature, orthogonal or Lorentzian transformations

of the form

Aaa’Abb’ Tlab = T/t (25)

A mixed tensor transforms then as follows:

1y , Oz oxr”
apu b [
As in a coordinate basis, the covariant derivative of a tensor written in the orthonormal basis

is given by its partial derivative plus connection terms:

VX% = 0,X% + w2 X4 — w, X0, (2.7)

a
u by

non-coordinate basis, of the Christoffel symbols Fi‘w. A relation between the spin connection,

where the w known for historical reasons as the spin connections, are the equivalent, in the

the vielbeins, and the Christoffel symbols can then be found by writing VX in different bases.

In the coordinate basis one has:

VX = (0, X" + T/ XN dz" © 9y, (2.8)

whereas in a mixed basis this becomes:
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VX = (VuXa)dl’u & é(a)
= (Ou(e, ) X") + wuabe/\bX/\)d:c“ ® (e%,0,)

= (0, XY + €%, 0,e0 X + e”aekbwuabX’\)d:L‘“ ® Oy.

Equating both expressions leads to the relation

b
[y = €70uey" +e’pew, s, (2.9)

or equivalently

w,'p = e,/ae’\bfz/\ — e0ue. (2.10)
The map between the coordinate and noncoordinate bases allows us to rewrite any quantity

we like in terms of the vielbeins and spin connections. For example, for the torsion and

curvature (Riemann tensor) one has!

T% = de® + w% A e (2.11)

and

Rab = dwab + Ck)ac A U.)Cb (212)

where the exterior derivative d allows us to differentiate p-form fields to obtain p + 1-form

fields. It is defined as the following normalized, antisymmetrized partial derivative:

(AA) 1 piprr = (P + 1)y Apgoopi] (2.13)

where the pair of square brackets denotes antisymmetrization. For example:

1
31
The wedge product A A B is defined as the antisymmetrized tensor product:

T[abc} = Tabe — Tacb + Toca — Thac + Teab — cha) (214)

(p+9)
(A A B)Ml"'“PJrq = WA[NT”“PBN‘IH*T"MP‘FQ} (215)

'For illustration, let us check that one recovers the usual expression of the torsion in the coordinate
basis: T, = e, T,,* = €*,(due, * — dyel + w,ve,) —w,%e,l) =T, — '}, which is precisely the

expression we were looking for.
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The two equations (2.11) and (2.12) are known as the Cartan structure equations. In practice,

the torsion-free condition

de® +w% Ael =0 2.16
b

is the most convenient way to find the spin connection from the expressions of the vielbeins,

as we will see later on.

2.2 Einstein-Hilbert as a Chern-Simons action

The action in Lagrangian form which leads to the Einstein field equations in vacuum is of

course the Einstein-Hilbert action?:

1 2
= d? = 2.1
Sei = e [ v (R+ ) (2.17)
where £ is related to the cosmological constant A via A = —1//2. Indeed, extremization of

this action with respect to the spacetime metric g, yields

1 2
Ryy - 59;“/ <R + €2> =0, (218)

which, in three dimensional space, determines the full Riemann tensor as

1
R;w/\p = _ﬁ(gu)\gup - gu)\gup)a (2'19)

describing a symmetric space of constant negative curvature.
With the vielbein formalism at hand, it is natural to extend our map and rewrite the
Einstein-Hilbert action in terms of objects in the noncoordinate basis. Such procedure goes

as follows [39]:

2Note that we are omitting possible surface terms. For a discussion on boundary terms and
asymptotic symmetries in AdSs see [40].
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= d3
Srn 167TG / <R+e2>
2
— 3 - Apo puv
167TG /d $|e\< Exuwe "R p(,£2>
1 2
_ b Apo w/ Apv
= 167TGN/d T €gbe € )\e e <2 RN+ ¢ 3'62)

1
= d abc bc b C>‘ 2.2
167TGN/ T €gpe €° /\(R 3¢ Ne (2.20)

Here |e| = %e“l’peabceauebyecp denotes the determinant of e?,, which is also equal to \/[g].

Recall that R%® = dw® + w® A w®, and so the last line implies that, if we interpret e
and w as gauge fields, we should compare this to a gauge action [(AdA+ ANAANA).
Remarkably, forms of this kind do appear in the context of gauge theories, specifically in
what is known as Chern-Simons theories [20]. This then suggests that we treat the vielbein
and the spin connection as gauge fields, but a more precise translation will require some
further considerations®.

The connection between (2.20) and Chern-Simons theory is most easily seen after

introducing the definition

1
w® = e, W, (2.21)

in terms of which the action can be recast as

1 1
Spy = e /dgx <2e“dwa + €gpee® A (wb A wC + @61) A 66)) (2.22)
Define now
1 - 1
A% =w® + Eea, At =w — Ze“ (2.23)

This implies

3As pointed out by Witten [19], in 3 4+ 1 dimensions the rewriting of the Einstein-Hilbert action
in terms of the vielbein and spin connection gives something of the form [ AN AA (dA+ A?), where
A denotes collectively e and w, which are treated as gauge fields. As it turns out, this action is not
invariant under iso(3,1) (Poincaré), so(3,2) (AdS) or so(4,1) (dS). Actually, it can be shown that no
action can be built in four dimensions which is invariant under some of the aforementioned gravity
groups. See [26, 27| for some further comments and a detailed discussion on the gauge realization of
gravity in the case of odd dimensions. See also [28] for some recent progress in the attempts to build
a Chern-Simons gravity action in four dimensions.
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/ o _
2e"dw, = 5 (4%dA” — A%dA, — d(A°A,)) (2.24)
where the last term, a total derivative, can be dropped.

On the other hand,

1
€abe €4 N <wb A w’ + @eb A ec)

= &sgb (A" =A%) (<Ab + AP (A + A%) + %(Ab _ AP A (A — AC)>

_ Eegbc (Aa /\Ab A A€ — Aa AAb/\AC) (225)

Thus, combining these two last expressions we get

/
327G N

SeEH =

/ >z (<AadAa + %eabcA“ A AP A AC> - (Aad[l“ + éeabcf_l" A AP A AC)>
(2.26)

We have then managed to recast the Einstein-Hilbert action as something that has the form

J (AdA+ AN AN A), which we said to be an action appearing in the context of gauge theory.
Actions of this form have been particularly useful in the study of geometric invariants®, as
well as in various problems of interest in condensed matter theory [20]. More precisely, the

action appearing in these contexts — known as the Chern-Simons action — is defined as

SoslA] = % /ﬁ (AdA 4 §A AAN A) . (2.27)
where k is a constant known as the Chern-Simons level.

To see that the terms of (2.26) are indeed of the form (2.27), one must think of A% as
the components of a gauge field A expanded in the basis of the generators of the algebra, i.e.
A = A%J, (and similarly for A). As we will review later on, the Lie algebra associated with
AdSs is s0(2,2) = sl(2,R) x sl(2,R), implying that both A and A are elements of sl(2,R).

For reasons that will become clear as we go on, we will work in the following representation

of sl(2,R)
10 1 0 0 1(1 0
Jo= = , Jy = , Jo = , (2.28)
2\1-1 0 10 2\0 —1

4See, for example, the seminal paper [22] by Witten, where it is shown that Chern-Simons theory
in 2 + 1 dimensions gives a natural framework for understanding some aspects of knot theory.
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where one has

-1 1 0
wai) =2 [ 10 0f=na (2.29)
0 0 1
The generators then satisfy
[ar o] = €aben® o, tr(Jady) = %%b, tr(JoJpJe) = iﬁabc, (2.30)

where ‘tr’ denotes trace over the matriz indices. The Tr of (2.27) is in general defined by the
matrix trace in some irreducible representation multiplied by a constant ¢, so as to provide

an inner product given by the Killing form 7, appearing in (2.30). That is,

TI‘(Jan) = Nap = Qtr(Jan)
1
TI‘(JanJc) = 2tr(JanJc) = §€abc

and so in our case ¢ = 2°. Thus, for example, the quadratic part of (2.27) then becomes

/ Te( A%, A d(A,)) = Tr(Jo ) / (A% A dAY) = oy / (A% A dAD), (2.31)

All this in turn implies that the terms of (2.27) have the following component representation:

1 a v
]‘ a Cc v
ANANA = S AQAVA JodypJe dat A da” A daf. (2.33)

It is now easy to see that (2.23) is recovered from the combination®

5This constant depends on the representation because different inequivalent representations will
give invariant bilinear forms differing by a multiplicative factor. See [29] for different examples of
this. Note also that the metric on the Lie algebra should be non-degenerate so that the Chern-Simons
action contains a kinetic energy for all components of the gauge fields.

SWhile it seems that by writing Sgy in terms of the Chern-Simons connection one is not doing
anything more than a mere translation between different languages, there is an important subtlety
to consider. Recall that the vielbeins were defined by the relation g,, = eﬂaeybnab. Since in general
relativity the metric is supposed to be non-degenerate, this relation implies that the vielbeins should
be invertible. However, if we take the Chern-Simons-like action that we got for Sgy and forget all
reference to its metric version, there is not a priori any reason to require the invertibility of the vielbein.
This extension turns out to have very important implications in the analysis of the renormalizability
of three-dimensional gravity, as pointed out by Witten [19].
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Sen = Scs[A] — Scs[A4] (2.34)

L
4G N

It is important to note that the values of the Chern-Simons level k are constrained to

provided we make the identification k =

be integers by gauge invariance of the quantum amplitude €, which implies that ¢/Gy is
also quantized. To see how this remarkable feature comes out, let us perform the gauge

transformation

A— g Y (A+d)g, (2.35)

where ¢ is an element of the gauge group. This gives:

k 5
Sos = - /Tr (g_l(A +d)gAd(g A+ d)g) + 2 (A+d)g A g (A+d)gAg A+ d)g

3
k 2 1
= /Tr (A ANdA+ §A ANANA— g Adggtdg + dgg~tdA — gg_ldgg_ldg g_ldg>
T

k _ 1 _ _ _
= Scs — E/Tr (d(g 'Adg) + 29~ dg g™ dgg 1d9>.
The gauge invariance is then spoiled by the two last terms in the last equation. We can get
rid of the first of these terms —a total derivative— by fixing appropriate boundary conditions

on the field A. The case for the second term is a bit more subtle, but it involves the winding

number

w(g) = 5,5 Tr(g™ dgg ™ dgg~"dg), (2.36)
whose integral can be shown to be an integer under suitable boundary conditions [20]. We
conclude that the action is not gauge invariant, but changes by 2wkw(g). However, the only
extra terms arising from a gauge transformation that can be tolerated are integer factors of
27, which implies that £ must be an integer. This is so because it is only in that scenario that
the amplitude e*® remains gauge invariant, which must be the case in order for quantities

like (O) to be well defined, as is clear, for example, from the functional representation (O) =
Z71 [DAO(A) exp(iS(A)) [23].

2.2.1 Isometries of AdS;

In the previous section we rewrote the Einstein-Hilbert action in the language of the vielbein

formalism and recognized a Chern-Simons-like form in the expression thus obtained. It is

)
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clear, however, that if our Chern-Simons theory is to be interpreted as gravity, it must retain
the structure of the latter under diffeomorphisms and Lorentz transformations’. Luckily, to
ensure this, all we need to do to is to choose the right Lie algebra for the Chern-Simons
connections A and A. We already saw that (2.34) could be obtained when the algebra is
sl(2,R). To understand why this is the case, let us develop a bit more.

Anti-de Sitter space is the maximally symmetric solution of Einstein’s equation with
a negative cosmological constant. It can be realized as a hyperboloid embedded in a 4-

dimensional geometry [31] :

vt 2ty = 2 (2.37)

with metric:

ds* = —du® — dv® + dz? + dy? (2.38)

Here the radius ¢ is the same appearing in (2.18), which was said to be related to the
cosmological constant by A = —1/¢2) as can be seen by finding the induced metric on the
hyperboloid and plugging it into FEinstein’s equations. To find intrinsic coordinates on AdSs,

one just needs to solve (2.37). This can be done by setting

u = { cosh p sin A

v = £ cosh p cos A
Csinh p = \/x? + 32

Going to polar coordinates (z = ¢sinh pcos@, y = ¢ sinh psin ¢) we obtain:

ds* = (?(— cosh? pd\? 4 dp? + sinh? pdh?) (2.39)

The signature of A indicates that it acts as a timelike coordinate. However, A is clearly
periodic, so when we refer to AdSs we will actually mean the space in which that coordinate
is unwrapped, i.e. A € (—00,00), which the hyperboloid’s universal covering (otherwise we
would have a closed timelike curve). It is convenient to set A = % and introduce the coordinate

r = {sinh p. This leads us to what is conventionally referred to as AdSs:

"See section 2.1 of [19] for detailed discussion on this subject.
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2 2 -1
ds® = — <£2 + 1) dt® + <€2 + 1> dr® + r2dg? (2.40)

Another set of coordinates commonly used to write Anti-de Sitter spacetime are the Poincaré

coordinates, defined as

l Y —v

= = = 2.41
u+z’ p u+zx’ i u+z’ ( )
in terms of which the line element reads:
2 5 2 2 2
ds? = (dz T dB? — dy ) (2.42)

Now to the isometries. The group of transformations that leave the metric (2.38) invariant
is denoted as SO(2,2). Here, (2,2) stands for the signature of the metric and SO stands for
‘special orthonormal’, meaning that its matrix representations are of determinant 1. That
S0O(2,2) is the isometry group of AdSs can also be explicitly seen by finding the six Killing
vectors of AdS and checking that three of them obey the sl(2,R) algebra under Lie brackets,
and that the other three form the same algebra and commute with the first three Killing
vectors (see [31] for details). This means that the isometry group is indeed SL(2,R) x
SL(2,R) = SO(2,2). Note, however, that this split is a special feature of AdSs3 since the
isometry group of AdSp is SO(D — 1,2), which splits only for D = 3.

2.2.2 Equations of motion

Since we will be studying gravity in the Chern-Simons language we just described, let us
see explicitly what form the equations of motion take in this new language. Clearly, these
equations will correspond to Einstein field equations as we have done nothing but a rewriting
of the Einstein-Hilbert action.

For small variations § A, the corresponding variation of the Chern Simons functional is

Tr(éA/\dA)+k/ Tr(A/\d(SA)—i—Qk/ Tr(SAAAA A)
A Jur A Jm

7

sscslAl = - |

M
2
:’“/ dTr(A/\cSA)+k/ Tr(SAA (dA+ANA))  (243)
A s A Jm

k ok
- 8MTr(A/\5A)+E/MTr(cSA/\(dAnLA/\A)),
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where in the last step the Stokes formula has been used.

Imposing the appropriate boundary conditions, one obtains

5ScslA] = 72 / Tr (FA A (dA+ AN A)
y 1
- az/olx €1V Ty {5Ap {2 (0uAy — 0,4) + 5[4y A, ]]} (2.44)
So,
6Scs[A]  k 3 o
A, am /dx e E,, (2.45)
and analogously,
§Scs[A y
7{) e /dx M F s (2.46)
with®
Fuv = (OpAy = 0,A4,) + A, A), B = (0,4, = 0,4,) + [A,, A4, (2.47)
The equations of motion are then
F=0, F=0 (2.48)

When building our dynamical solution, these equations will be slightly modified to include a
source (we will take into account the backreaction of particles following geodesics). For the

moment, let us see what are some of the already known solutions in AdSs.

2.3 Some solutions in 2 + 1-dimensional gravity

2.3.1 The BTZ black hole

In [17] it was pointed out that the metric

ds? = —(N1)2dt? + (N1)—2dr? + r2(d¢ + Ndt)?, (2.49)

8F and F are nothing but non-Abelian versions of the field strength tensor familiar from
electrodynamics.
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with

2 2 1/2
1 T J _ J
Nt = (—M +t M) ,  N%= ~>3 (2.50)

is an exact solution of the Einstein field equations with negative cosmological constant A =
—1/2. When M > 0 and |J| < M/, this solution has an outer event horizon’ at r = r and

an inner horizon at r = r_, where

M 2]'/?
re =5 1+ [1 — (J\j» ] , (2.51)
which implies that
2 2
o
M = % J = T;r : (2.52)

which can be shown to correspond to the mass and angular momentum of the black hole [31].

The BTZ black hole shares many features with the "standard" black hole solutions in four
dimension, such as the existence of an event horizon and some thermodynamic properties.
However, this black hole presents the particular feature of not having a curvature singularity
at the origin. Instead, the BTZ black hole posesses at that point what is called a ‘causal
singularity’, in the sense that continuing past » = 0 would bring in closed timelike lines (see
[31] for details). On the other hand, given that it has constant negative curvature, this black
hole must be isometric to AdSs, at least locally. This can be seen, for the region r > ry, by

performing the simple coordinate change

for which the metric becomes

62
ds® = ?(de — dy? + d2?) (2.53)

9Note that the radius of curvature ¢ provides the length scale necessary to have a horizon in a
theory in which the mass is dimensionless [17]
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Eq. (2.53) is nothing but the standard Poincaré metric for anti-de Sitter space that we
presented before in (2.42).

Using (2.52), the Euclidean version of BTZ can be written as

€2T2
(22— 2)

(=)t —r?)
7202

r|r_|
{292

2
dt% + dr?® 4 r? <d¢> + th> . (2.54)

where tp is the Euclidean time obtained by Wick-rotating t — —itp.

Another common form for this metric is

ds® = dp? + StGU(Ldw? + Ldw?) + (£2e*/* + (8nG)2LLe ") dwdiw (2.55)

where w = ¢ + it/l, w = ¢ — it/{ are complex coordinates on the boundary, located at

2 = 2
eP/t =: ¢r — co. The BTZ is recovered for £ = % (”165}) L= (”1252) . However, the

interesting bit of this last form is that one can see that it solves the Einstein field equations
for any £ = L(w) and £ = L(w).

We can of course write the (Euclidean) BTZ black hole in the Chern-Simons language.

For this, let us choose an explicit basis for the sl(2,R) algebra. We take
0 0 01 1/2 0
L= . L= , Lo= , (2.56)
10 00 0 -1/2

[Li, L] = (i — j)Li+; (2.57)

which satisfy

These are related to the more standard generators (2.30) through

1 1
Jo = 5([/1 + L,l), J1 = §(L1 — Lfl), Jo =Ly (2.58)

It can then be checked that, in units £ = 1, the BTZ metric is reproduced starting from the

connections

oL
A= (ele — %B_pol)dw + Lodp
_ o2 L
A= (L s — ZEc=r1)dit — Lodp. (2.59)

k
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We mentioned before that a pair of connections in which £ = L(w) and £ = L(w) can also
be shown to solve the Einstein field equations. These coefficient functions turn out to be

components of the boundary stress tensor,

Tww = L(w), Tpg = L(W). (2.60)

This fact can be understood by analyzing asymptotic properties of generic solutions of pure
gravity with negative cosmological constant with a boundary term. Imagine that we write

the line element of such a solution in a form analogous to (2.55):

ds* = dp? + gij (2%, p)daida?, i,§=1,2. (2.61)

If we demand that g;; takes the Fefferman-Graham [7] form as p — oo,

(0)

D@k + gD (k) + - (2.62)

gij(:nk,p)da:idxj = ePlly i
then gg-)) defines the conformal boundary metric. In the context of the AdS/CFT
correspondence, the CF'T is said to live on a space with this metric. The boundary stress

tensor works out to be

L @ (2)),(0)
Tij = rGil (gij —Tr(g )gij ) (2.63)

where the trace is taken with gg-)).

From (2.55) we read gl(l% =0= g(—o ) and gww = 1/2. The asymptotic symmetry group

ww
(i.e. the symmetry group of the CFT on the boundary) is obtained by considering coordinate

(0)

transformation that leave the form of 9ij unchanged. This is the case for the infinitesimal

transformations [37]

2
w— w + e(w) — %e*%/fag,g(w)

2
W — W+ é(w) — %e‘”’/@aﬁ,é(w)

p—p— g (Owe(w) + Oge(w)) (2.64)

(2)

where e(w), €(w) are arbitrary functions. These transformations act nontrivially in 9;; » and

so the stress tensor transforms as [35]
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Tww — Toww + 20ue(W) g + €(0)D Ty — —— 0 €(w) (2.65)

c
247 Y
and analogously for Tgg. This is the transformation law for a stress tensor in a two-
dimensional conformal field theory, with ¢ = 3¢/2G the central charge. If one decomposes

the stress tensor into modes, L, = § dw e~ o, it follows that the generators obey the

Virasoro algebra

(L, L] = (m — 0)Lupyn + 1—62(m3 )G (2.66)

To see that £, L are the components of the boundary stress tensor, we then need to verify
that they transform as in (2.65). Let us check this for the coefficient £ in the connection A

of (2.59). Infinitesimal gauge transformations act on this connection as

§A = dA+ [A,A]. (2.67)

The form of A is preserved if we take

A=b""{e(2)L1 — D,e(2) Lo + <;836(2) - 2;;[:6(2’)) L_1} b, b=erlo, (2.68)

which acts as

55:4@@5+2@4@£—fﬁ&@) (2.69)
T

Comparing with (2.65), we see that £ is indeed transforming as a stress tensor under

conformal transformations.

2.3.2 Higher spin solutions

We have emphasized that the advantage of writing gravity solutions in terms of Chern-Simons
connections is the possibility of a straightforward generalization to the case of higher-spins.
Let us see how such a generalization actually takes place.

The main difference that arises when considering fields with spin higher than 2 is that now
the connections are expanded in terms of generators of the corresponding si(IN,R) algebra.

Explicitly, this means that, in a given representation, we now have
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A=Ay + AT (2.70)
A=Ay + AT, (2.71)

where the Tg,..q, , generate the higher-spin algebras.
For concreteness, let us consider the example of the spin-3 case. Here one can introduce

a basis of generators J, and T, which obey the following non-Abelian algebra [40]

[Jay To) = €aben®Ja,
[J(b Tbc] = nmnena(ch)ma (272)

[Tab7 1. ] - - (na(ced)bm + nb(ced)am) Uanm

where the T, are traceless and symmetric in a,b. Clearly, the generators J, in the above
equation obey the sl(2,R) algebra that we encountered before in (2.30). The si(2,R) is
then said to be embedded in the si(3,R) algebra (2.72). Other embeddings can of course
be conceived in which different combinations of three of the generators solve (2.30). The
particular embedding of (2.72) is known as the principal embedding®®.

The representation (2.72) can be built by defining the T,;, generators as

2
Tab = <J(an) — 377abJCJC> y (273)

as fixed by tracelessness and symmetry (see e.g. [32]). The J, appearing in this last equation
are the generators of the s/(2,R) algebra in the three-dimensional representation, since the
generators T, are three by three matrices in the fundamental representation. The particular
conventions and matrix representation of sl(3,R) that we will be using are summarized in
Appendix A.

Following (2.70), the si(3,R) connections can then be expanded as

A=A 4+ AB) = g2 ], + A%T, (2.74)
A=A® 4 AG) = g0 g 4 A%T,. (2.75)

10This will be the embedding we will be considering throughout our discussions. For examples of
uses of a different embedding in the context of higher-spin black holes, see [38].
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An obvious way of extending (2.59) to a higher-spin version would consist in adding terms
of the form A®T,,. However, we must make sure that the terms we add actually give rise to
non-zero spin-3 currents. To understand why there might be this kind of subtlety, consider
the connections of the BTZ black hole (2.59). Since the BTZ black hole is a solution of pure
gravity (spin-2), it does not carry any higher-spin charge. This is reflected by the fact that
Aprz, Apryz are expanded in terms of Jg, Jp, which are generators of sl(2,R). However, these
generators can be thought of as the generators of the si(2, R) subalgebra embedded in si(3,R)
in a given representation (as in (2.72)). This means that we can think of Aprz and Aprz
as elements of sl(3,R) (or sl(N,R), for that purpose) in which the higher-spin components

are zero, i.e.

Aprz = AL, + AR, (2.76)
=0

and similarly for Apryz. Seen as elements element of sl(3,R), Aprz and Apry are then
higher-spin gravity solutions. Indeed, in a si(3,R) theory, the connections Agpz and Aprz
will be subject to sl(3,R) gauge transformations which will leave them globally untouched

but which will mix the spin-2 part with the spin-3. That is,

Aprz = Algry = ADY, + A — Apry. (2.77)
N—— =
#AGry 70
It seems then that full-fledged higher-spin gravity solutions can be constructed by simply
taking embeddings of sl(2,RR) in higher-rank algebra. It should be obvious, however, that
this is a rather artificial way of building a higher-spin solution as we are not adding any new
physics whatsoever. Indeed, as we will see, all we have done is to construct a higher-spin

t'!. The question then arises as to how one

solution which does not carry higher-spin curren
may build solutions carrying non-zero higher-spin charge.

The answer to the above question resides in the kind of asymptotic analysis that led
us to the conclusion that the coefficient functions £, £ in (2.59) are actually components of

the boundary stress tensor. If we perform an analysis of that kind and identify the kind of

"This claim can also be understood if one considers the eingenvalues of the Casimirs of the
representations, which encode the mass, the spin, and the higher-spin charges of the particles sourcing
the solutions. The eigenvalues of the Casimirs are invariant under gauge transformations. This implies
that a solution with no higher-spin will remain uncharged, no matter whether the gauge we pick is
such that the connections have (as in (2.77)) or have not (as in (2.76)) higher-spin components. We
will have some further comments on this later in this thesis.
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higher-spin component that leads to non-zero spin-3 current in the boundary CF'T, then we
would be in conditions to construct a full-fledged higher-spin solution. This is precisely what

was done in [36], where it was pointed out that the connections

2k
- ol T ooz, _
A= epL_l — Te le — %6 pW(w)W_Q dw — Lodp (278)

yield to a charged higher-spin black hole!'?. These connections reduce to the BTZ ones
for W,V = 0. The new coefficient functions W, W can be shown to correspond to spin-3
currents. This is done by first identifying the asymptotic symmetry group, i.e. by identifying
the most general gauge transformation preserving the asymptotic form of the connections,
as in (2.64) or (2.68), for example. Such transformations do not change the form of the
connections but act non-trivially on the functions £, £, W, W. These variations can be
compared to what is expected for stress tensors and spin-3 operators in the CFT language'?,
which allows to conclude that W is indeed a spin-3 operator. The authors of [36] extended this
analysis so as to include chemical potentials u, i for the spin-3 operators in the connections

(2.78):

2L
A= (Ll - 7; Lq— ;W(w)w_2> duw
4L 42 L2 4TW _
— U <W2 — TW@ k2 W_2 kL_1> dw
_ oL _
A= (L_1 - 7; Ly — ;W(w)WQ) diw
_ AL 472 L2 A7 W

Here the following basis is being used that allows to recognize the asymptotic symmetry

group straightforwardly:

12The relation between the generators L1, L_1, W_o, ... and the generators in (2.72) will be specified
below.

13This is done by translating the variations of these functions into what is known as the operator
product expansion (OPE) for the symmetry currents. From this OPE one can read the dimension of
the corresponding operators, and thus the spin (see e.g. [34] for details).
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[Li, Lj] = (i — ) Livj
[Lis Win] = (20 = m)Wig,

1
(Wi, Wy] = —g(m —n)(2m? 4+ 2n* —mn — 8) Ly

where —1 < 4,5 <1 and —2 < m,n < 2. This can be related to our basis in (2.72) via the

isomorphism
1 1
Jo = §(L1 +L1), J1= §(L1 = L_1), J2= Lo, (2.80)
and
1 1
Too = Z(WQ + W_9 + QW()), Tor = E(WQ - W—2)7
1 1
Ty = Z(Wg + W_g — 2Wp), Toe = §(W1 + W-1),
1
Ty = W, T = i(Wl - W-o1).

The considerations that led us to (2.79) constitute the standard approach to the construction
of higher-spin solutions. The approach we will follow will differ in several respects. Since
we are interested in dynamical solutions, we will have to lay aside pure gravity, which is
topological. This implies that we will be dealing with an action that includes sources coupled
to gravity. Based on [41] and [25], we will now present a framework which will allow us not
only to achieve this coupling, but also to have control on the value of the spin charges by

means of constraints on the values of the Casimir operators.



Chapter 3

A dynamical setup

In the previous chapter we presented a Chern-Simons-like formulation of pure three-
dimensional gravity. We also saw that the gauge theory language of the new formulation
allowed us to easily extend the pure gravity scenario to one involving gravity coupled to a
finite tower of higher spin fields. This coupling was achieved by means of a change of the
gauge group from SL(2,R) (pure gravity) to SL(N,R) (gravity plus higher-spin fields), a
procedure with no obvious analogue in the metric language. While the higher-spin fields
modify the theory in a non-trivial way, in particular by preventing strictly geometric notions
to be gauge invariant (under a SL(N,R) transformation, the higher-spin fields mix with the
spin-2 field, i.e., with the metric), in all these cases the variation of the action led to the
flatness condition

F=0, F=0, (3.1)

meaning that no actual sources are added in this way. In this chapter we will see how to
extend our treatment in order to consistently include sources in the right hand side of the
equations (3.1). To do this, we will make use of a formulation due to Jorjadze, O’Raifeartaigh
and Tsutsui [41] in which the action of a free particle is rewritten in an explicit group-
theoretical fashion. As we mentioned in the introduction, this formulation played a crucial
role in the recent work by Ammon, Castro and Igbal [25], where a gauge theory version
(i.e. involving quantities defined using the gauge connections rather than, say, geodesics or
minimal surfaces) of the Ryu-Takayanagi formula (1.4) was proposed (see Eq. (1.6) and
successive comments). As we saw, a gauge theory version of a geometric quantity has the

advantage of allowing possible generalizations to higher-spins by means of a simple extension
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of the gauge group. Our immediate goal is then to build an action for the sources which is
written in the appropriate language of gauge theories.

Before building our group theoretical action, however, let us understand in the first place
why we want to include sources in (3.1). The main reason why we need to do this is that pure
three-dimensional gravity is topological, as was implied by the simple counting argument we
presented in the introduction. This means that, if we are to build dynamical (time-dependent)
solutions, we will need to add propagating degrees of freedom (which would in turn source a
time-dependent energy momentum tensor). The role of the sources is then clearly to provide
us with such degrees of freedom. To see explicitly how one may obtain a dynamical solution

from the coupling just described, let us consider the example of the Vaidya metric.

3.1 The Vaidya metric

The Vaidya metric is a simple non-static generalization of the Schwarzschild metric. In 3+ 1
dimensions, it describes the non-empty external spacetime of a spherically symmetric and
non-rotating star which is either emitting or absorbing null dust, and thus serves as a model
to describe black hole formation by gravitational collapse, for example!. To see this, recall
that the Schwarzschild metric is the most general spherically symmetric vacuum solution of

the Einstein field equations, which for negative cosmological constant are given by

1
Nz

In three dimensions, the Schwarzschild metric, solution of (3.2), can be written in spherical

GH — g =0 (3.2)

coordinates as

2 2 -1
ds? = — (1 + 2—2 - M) at? + (1 + 2—2 - M) dr® + r?dg?, (3.3)

where M is a positive constant. The singularity at the Schwarzschild radius 7, = £/M — 1
can be removed by coordinate change, but it signals the fact that the Schwarzschild metric
can describe black holes, since rs actually happens to be the position of an event horizon,
as is well known [8]. Thanks to this property, the Schwarzschild metric can be used to

describe the empty exterior of both stars and black holes of mass M, according to whether

1See [8] for an extensive review on properties of Vaidya-like metrics. A detailed discussion on
gravitational collapse can be found in [42].
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the radius of the object is smaller or grater than r,. However, the fact that this metric
is static prevents us from treating dynamical scenarios such as the black holes formed by
matter that collapses to below the Schwarzschild radius. To overcome this drawback, let us
first rewrite our Schwarzschild metric in a form suited for the description of ingoing geodesics
— and therefore for the description of an infalling shell, as in gravitational collapse.

From (3.3) we see that radial (i.e., dp = 0) null geodesics are given by

2 2 -1
Ozd52:—<1+22—M>dt2+<1+r—M) dr?

72
dr\? r? 2
— | =14+ —-M] .
:>(dt> ( Mz )

The positive root of the last equation will represent outgoing null geodesics, whereas the
negative root will represent ingoing null geodesics. A form adapted to the description of

ingoing geodesics can be obtained by substituting the time ¢ with a coordinate v defined as

dr

dv—dt—i-(l_i_zi_m,

(3.4)

since in this case ingoing null geodesics would simply correspond to v = const. In terms of
the coordinate v, known as the ingoing Eddington-Finkelstein coordinate, the Schwarzshild

metric reads

2
ds? = — (1 + 2—2 — M) dv? + 2dvdr + r’dy?. (3.5)
A sensible non-static generalization of this metric might be obtained by making M = M (v),
which, for example, reflects the fact that the mass of a radiating star is not constant. The

metric thus obtained

ds? = —F(r, v)dv2 + 2drdv + 7“2d<p2, (3.6)

with F(r,v) = (1 + Z—j — M(v)), is what is known as the Vaidya metric, after the name
of the author who first proposed it [43]. It is important to note that by modifying the
Schwarzschild metric we have obtained a metric that is no longer a solution of the vacuum
Einstein equations. Rather, the metric (4.1) will be sourced by a non-zero energy momentum

tensor which manifests the presence of the shell.
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To understand why this simple generalization might describe properly the kind of
dynamical solution we would like to obtain, let us consider gravity in three dimensions with a
negative cosmological constant coupled to a single particle moving along a trajectory denoted

by X*(s). The action of this system is

_ _ 1 3 2
S—SEH+Sp—167TGN/dx \/§<R+€2>+
1 dzt dx¥ 6@ (zh — XH(s))
3 i o axrtar 2
/d:c ﬁ/ds( 4)\(5)9,“, 15 ds A(s)m > (3.7)

The variation of this action gives

195 1 1 1 dz# dz?
War-r P w— —gh) — -1 B) (b _ xH
V=000 " oGy 29 15 / dsA™ ——— 07 (2" — XH(s)), (3.8)
S 1 dX" dXY )
o 0= patw(X) e —m (3.9)

Note that the more familiar form S, = —m [ ds\/g.,@*T" can be recovered by plugging

Eq. (3.9) — the equation of motion of the Lagrange multiplier A(s) — back into (3.7). The

introduction of a Lagrange multiplier is in this case a standard practice to get rid of the

square root in S, = —m [ ds/g,,@#2” and deal instead with the more comfortable quadratic

form of S, appearing in (3.7).

The reparametrization symmetry of the worldline s allows us to set A(s) in (3.8) to a
constant?. If we set A(s) = 1, Eq. (3.8) implies

v

167TIGN <G"” — ;29"”> = _zl\/lm 8%%5(3)($M — XH(9)). (3.10)

Since we are interested in the Vaidya solution, let us take our metric Ansatz to be of the form

(4.1). From this we read

1 1
12 — / T STV
G — 55 = 5 M (v)0™8 (3.11)

2This reparametrization symmetry is of course nothing else than manifestation of the fact that

a geodesic can be parametrized by any monotonic function that maps points on the geodesic to
2 b c g.d

unique values of the parameter. Consider the geodesic equation ddslz + I‘gddd%dd% = (0. Suppose now

that we change the parameter in an arbitrary way v = v(s). The geodesic equation then becomes
d*v/ds® dz

‘ﬁvﬂb + ng%% = {do/ds)Z dv An affine parameter is that for which the right hand side of the last
2 2
equation is zero. The parameter v is then said to be affinely related to s if o(s) = &;’/j;% is zero.

We stress, however, that non-affine parameters can also be chosen.



3.1 THE VAIDYA METRIC 32

which is also the energy-momentum tensor up to a constant factor, as follows from Einstein
equations.

In the massless case, the constraint (3.9) requires

X7\ 2 dX?'\? _dX"dXV dX e\ ?
S O Y (el M(XV 2 X ) = 12
<+(€>+ ( )>(als>+ ds ds+( ds) 0 (3.12)

This is solved by the radial null path X" (s) = vg, X¥®(s) = @0, with vg, po constants. With

this at hand, the geodesic equation implies

daxr dXP dX° axr dX"dX"

X (x = =

ds + ’w( )ds ds ds ds ds 0
1

Furthermore, from the expression I'}, = 59" (0rgor + Ovgor — O5grr) it immediately follows

+17,(X)

(3.13)

that I'7,. = 0. Our null radial geodesic is then given by

’v(s) =9, r(s)=ro+cos, ¢(s)= 900‘ (3.14)

with vg, 79, co and g constants.

Plugging the trajectory (3.14) in (3.10) gives

1 167Gy dx* dx¥
wo_ = opv hetadll _ _ _
" — o9 T [ s b = )3~ p0)d(r — (ro o)), (3:15)
and equating this to (3.11) results in
.., . 167Gy dz* dx¥
oM () = == [ a5 50— w0)3( = 0)d(r = (0 + o))

= M'(v) = =87Gn|ro|d(v — v0)d (¢ — o).

In order to source the Vaidya solution, it remains to take a shell of particles instead of a

single particle. This can be achieved by smearing the particle over the sphere, i.e. by taking

N
M'(v) = =87Gnd(v —v0) > |¢jl6( — ;) (3.16)
=1
Distributing uniformly over the sphere: |¢;| = |C|2E and ¢ = %, and taking the continuous

limit N — oo we finally obtain

2T
M'(v) = —=87GNd(v — vo)|C| : dpd(p — ¢) = —87|C|Gnd(v — vp) (3.17)
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Our collapsing shell then sources an energy momentum tensor of the form T «
%M "(0)d™H™ Méwé”’ , which certainly presents dynamics. Note in passing that
the overall constants of integration condensed in |C| should be determined by the total mass
of the black hole.

Returning to our problem of sourcing (3.1) so as to get gauge connections which would
correspond to an appropriate dynamical setup, it is now clear that we should proceed in
analogy to the considerations that led us to the Vaidya metric with mass profile (3.17). To
do this, we will need to rewrite the action (3.7) in an explicit group theoretical manner. In
the previous chapter we learned how to write the Einstein-Hilbert action in the language of
gauge theory. It then remains to write .S, in this language. For this, it will be convenient to

recast the action ), as follows:

5= [ ds (5 + 26 (g™ (@) — ) ) (3.18)

where p,, is the momentum conjugate to z#. It is easy to check that if we integrate out p,,

we get back our by now familiar action

1
Sy = /ds <—Mgw,(:r:):z':“j:” - )\m2> . (3.19)
The form (3.18) was used in [41] as the starting point towards the quantization of a relativistic
particle on the SL(2,R) manifold via the method of Hamiltonian reduction. The key feature
of this method is precisely that one constructs a system out of a much simpler Hamiltonian
system by a reduction using constraints. In (3.18) the constraint is the mass-shell condition

2

p? = m?, as is clear by varying the action with respect to A\. Note that the Hamiltonian that

corresponds to the action (3.19) is given by*

H = _)‘(gwjpupu - m2)7 (3.20)

and so our constraint is equivalent to demanding that H be zero*.

As we will see, from the form (3.18) it is possible to find a straightforward generalization
that will allow us to consider particles carrying higher-spin charges. This generalization was

first proposed and played a crucial role in [25], whose presentation we now partially follow.

3Recall that the Hamiltonian can be obtained from a Lagrangian L(q, ) by means of a Legendre
transform: H = q%—g — L.

4See [44] for details regarding he Hamiltonian reduction method, as well as its uses in the study of
constrained systems.
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Before obtaining such a generalization, however, we still need to find the appropriate group
theory formulation of (3.18) that would allow us to couple it to (2.34). We will now show how

this can be achieved by making some simple considerations in the context of group manifolds.

3.2 The action of a relativistic particle in the
language of group manifolds

To understand how we can eventually rewrite (3.18) in the framework of group manifolds, let

us first come back to our considerations on the vielbein formalism. In Section 2.1 we saw that

a
I

basis through the relation

the vielbeins ef, are matrices which take us from a coordinate basis 9, to a locally defined

I = eu“el,bnab, (3.21)

where 744 is a flat metric in its canonical form. This means that if we pick a local coordinate
system y* for the new basis, then the matrices e," will be given by
a
e, = %, (3.22)
which is of course the transformation matrix coming from the usual coordinate transformation
By = 900,
If g is the metric defined on a manifold of a Lie group G, then the local metric 74, of
(3.21) will be precisely the same "metric" appearing in the commutation relations that define

the algebra G associated with G. For instance, in the commutation relation

[Jm Jb] = 6abcT/Cdea (323)

which defines the algebra si(2,R), n plays the role of the local metric (in the sense of (3.21))
of the sl(2,R) manifold, and the generators .J, expand a vector basis®. This is more clearly
seen if we consider an explicit example of an element U € G parametrized in terms of the

exponential map

U=eV'a (3.24)

®An introductory exposition on the subject of Lie groups seen as manifolds can be found in [46].
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As an element of a Lie group, U depends in a continuous and differentiable way on the set of
real parameters y* — this is actually the reason why a Lie group is at the same time a group
and a differentiable manifold. The parameters y® can then be interpreted as the components
of a vector in an expansion in terms of the local vector basis J,, i.e. as the parameters y*

appearing in (3.22). Now, from (3.24) we see that

%y e, J, (3.25)

1 _ oy _
UmouU = Ozt " (3.20) M

which means that we can rewrite (3.21) as follows:

g = Nave,le,’ = Tr(e, e, Jy) = Te(U™'9,UU'9,U), (3.26)

where Tr denotes contraction with the metric 7y, (thus, for example, for an element P € G,
TrP? = 1, P*PY).
Using (3.26), the action (3.18) can now be rewritten as

S[U, P, )\ = / ds (Tr(PU_lU) + \(TrP? — 02)) . (3.27)

Here P € G is the equivalent of the conjugate momentum p,, in (3.18), and, as indicated in
[25], ca = m? turns out to be the value of the quadratic Casimir characterizing the infinite
dimensional representation that naturally corresponds to our massive particle®.

This action has a global symmetry group SL(2,R) x SL(2,R) that acts as

U(s) — LU(s)R, P — R7'P(s)R, (3.28)

with L, R € SL(2,R).

The equations of motion are

d dP
1—2 +20P =0, —-=0, TrP? = ¢y (3.29)

6This is exactly analogous to representations of the Poincaré group using as a basis the Hilbert
space of a free particle. In this case, the states of a free particle with momentum p are denoted as
|p, s), where s labels all the quantum numbers. Since p is a continuous and unbounded variable,
this base space is infinite-dimensional. By Wigner’s theorem, the generators J?, K*, P and H’ are
represented by Hermitian operators. A simple operator commuting with all the generators is P,P*,
which has the value m? on a one-particle state. Therefore, the m appearing in our relation co = m? is
indeed the mass of the particle as it appears in (3.18). See sections 2.4 and 2.5 of [47] for more details
of on representations of the Poincaré group on one-particle states.

U-
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3.2.1 Coupling

With a gauge theory formulation of both Sgy and S, at hand, all we need to do now is
to perform the minimal coupling between the fields A, A and U by promoting the global

symmetry (3.28) to a local symmetry. We then require the action to be invariant under

U(s) — L(z*(s))U(s)R(z"(s)), P — R (a"(s))P(s)R(z"(s)). (3.30)

This can be done by substituting %U in the action with

d - dz*
DU =—U+ AU —UAq, A=A, —. 3.31
ds + Hds ( )

where Ay = A, 3"

The coupled action is then given by

S(U, P; A, A) = / ds(Tr(PUT'DU) + A(s)(Tr(P?) — ¢2))

_ / ds (TrPU™'0 + TePUT' AU — TePPA, + N(TP? — ), (3.32)

whose variation with respect to U and P leads to

d
TP+ [AS, P} =0, U 'DJU+2\P=0 (3.33)

where P is subject to the constraint Tr(P?) = ¢y, as can be immediately seen by varying
with respect to A.

The variation with respect to A gives:

Sproe 0 L dz

dz* 6§ o rrr— c
-/ ds——l, (PO AN 0%,

_ / ds = (P (U, 54 6, U%) (3.34)
= s ( U@P%(U‘l)%)
— / ds—UPU‘

The same procedure leads to the following result for the variation with respect to A:



3.2 THE ACTION OF A RELATIVISTIC PARTICLE IN THE LANGUAGE OF GROUP MANIFOLDS 37

p
55”’"0”6 / a5 (3.35)

Thus, the variation of the total action

S = Scs[A] = Sos[A] + S(U, P; A, A) (3.36)
with respect to A leads to the equation of motion:

) _ k 3. PV @ -1
(57_47T/d T€ FW—}—/ds UPU
_ / P ( SPE () + / d375< )(:v—x(s))UPU_1> —0, (337

where we have used (2.45) and (2.46) combined with the results for the variation of the action

of the probe. Multiplying the expression we just obtained by €., gives:

/ dsfeaﬁp& (2 — 2(2))UPU, (3.38)
i.e.
P -
S (OuAy — DA + / dsfeﬂyp(s( (& — 2(x)) UPU ! (3.39)
and similarly for A:
P - - da”
o ((Budy = 0,4,) + (A A,)) = - / 45169 (& — 2(2)) P (3.40)

These two last equations, together with (3.33), the constraint Tr(P?) = c3 and the trajectory
(4.21) define the setup we will dealing with. In general, this set of equations is highly non-
trivial, and its precise form depends strongly on the choice of the path z#(s). However, from
the point of view of the equations of motion, U acts as a gauge transformation on A7, and
so, as realized in [25], one may attempt to simplify a bit by picking the "gauge" U = 1. In

this case, the first of the equations of motion (3.33) reads

d - dz# - dx* dx¥
a5\ A~ gy = e A =0 (3.41)

"Indeed, the term U~'D,U that appears repeatedly in our equations is nothing but U *1%U +
UTAU — A,
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where we have substituted the value of P coming from the second of the equations (3.33).
For a given pair of connections A, A, Eq. (3.41) appears as a differential equation for the
path. To see this more explicitly, let us rewrite the connections in terms of the vielbein and

the spin connection. Eq. (3.41) then becomes

d dz# a0 a dz¥ dzv
(26,0 = (el — D) ]
daxt dx¥
_ a a b b c
= (wu + eu)(wy )fach dS ds
a cdat da”
= —2wue €abe 15 ds (3.42)
cdzt dx”
= 2wucbe J I ds
If we use (2.10), our equation now reads
() 2 gt
dadt\"dt ) M ds ds ds " ds
TP dxt dx” +d< dm”)_ >z
PPvds ds ' ds \ 7 ds Y ds?
which is actually the familiar geodesic equation
d%xP dxt dx
re — =0. 3.43
ds? R ds ds (343)

This means that as long as we choose geodesic paths, we can consistently set U = 1. Since we
are interested in sources following the path (3.14), which is a geodesic, this fact will simplify
enormously our task of solving the set of equations we found. Note, however, that there is a
subtlety when we consider general si(N,R) algebras instead of sl(2,R). The main difference
comes from the fact that s/(2,R) has three generators, whereas the higher-rank algebras will
have in general more than three. While this seems to be irrelevant in (3.42), it is actually
crucial that there be only three generators. This is so because, for given connections A, A,
the Eq. (3.42) is meant to solve for the three unknowns z#(s), but this equation actually
condenses as many independent equations as there are generators. If there are more than
three generators, our system of equations is then overconstrained, implying that in this case

it is not consistent to consider geodesic paths and set U = 1 at the same time [25].



Chapter 4

Vaidya Chern-Simons

In Chapter 3 we presented a setup that would in principle allow us to build dynamical
higher-spin gravity solutions in three dimensions. The key feature of our framework was the
possibility of deriving equations of motion in the language of gauge theory, thus permitting
extensions of the gauge group in a very natural and simple way. To have actual dynamics,
we saw that it was necessary to couple particles to gravity, and we studied an explicit way
of doing this using the example of the Vaidya metric. Now we would like to use our gauge
theory equations to find the equivalent of the Vaidya metric in the Chern-Simons language.
If we manage to extend the connections thus obtained to the higher-spin case, we would be

achieving our goal of building dynamical higher-spin gravity solutions.

4.1 Vaidya-like connections

In Chapter 3 we saw that the Vaidya metric is a non-static generalization of the Schwarzschild
metric. In terms of the ingoing Eddington-Finkelstein coordinate v, the Vaidya metric is of

the form

ds® = —F(r, v)dv2 + 2drdv + r2dy?, (4.1)

where we now leave F(r,v) unspecified.
From our discussion in section 2.1, it is clear the the vielbeins corresponding to the Vaidya

metric can be obtained from

ds® = e @ €. (4.2)
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The form of the metric (4.1) suggests that we use the following flat metric!
-1 1 0
n=1_11 0 0], (4.3)
0 0 1
From (4.1) and (4.3) one reads?
¥ = F12dy
el = F~124r (4.4)
e = rdy.
At the end of section 3.1 we claimed the torsion-free condition
w A e’ = —de? (4.5)

would allow us to find straightforwardly the spin connections from the vielbeins. For this we

need to compute the exterior derivatives of the latter. They are given by

de® = F-1/2 [%—fdr + %%dv] A dv

= %F‘l/z%—fdr/\dvz —%F_l/Q%i:eo/\el
de! — _L1F-32 {%—fdr + %—fdv} A dr

= —%F_?’/Q%—fdv/\dr: —%F_Sﬂ%eerl
de? = dr Adp = E2el A e?

The computation of the antisymmetric spin connections wg, from Eq.

explicitly in appendix B. It yields

W0 = F2dy
wh=0

1 oF OF 1 oF
2 1 —104  of s
W= Q(F ov 8T>dv 2F 87’dr

(4.6)

(4.5) is carried out

(4.7)

!Since our spacetime is Lorentzian, this metric is obviously the Minkowski metric written in a

non-standard basis.

2Notice that the choice ¢® = —F/2dv, ¢! = —F1/2dr is also possible. Our conclusions won’t be

affected in any way by switching to this other possibility.
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a_la be
where w = 5% W™

The reason why we have computed the vielbeins and the spin connection is of course that
we wish to find the SL(2,R) connections A and A corresponding the metric (4.1). They are
given by

1 - 1
A= (w“ + gea> Ja, A= (wa - eea) Ja (4.8)
where J, are generators of the sl(2,R) algebra. In section 2.2 we introduced a representation

of this algebra and we alleged that that particular representation would prove useful for later

(1 0 ) o a
0 -1

considerations. Let us reproduce here that representation

1(0 1 00
J0:7 5 le ) JQZ
2\ -1 0 10

| =

which satisfy

-1 1 0
1 1
tl”(Jan) = 5 1 0 0= inab- (4'10)
0 01

It is now clear that the reason why we picked this representation is that its Killing form
Nap = 2tr(JqJp) coincides with the local frame metric (4.3). It is important that this be the
case so as to raise and lower indices conveniently in expansions of the form A®J,. Recall that
A% was built from vielbeins and spin connections that were constructed using the local-frame
metric (4.3), and so its index is raised or lowered using that metric. On the other hand, the
index of J, is naturally raised or lowered by the Killing form, and so A%J, = A,J® when the
latter coincides with the local metric (4.3).

From (4.4) and (B.9) we finally obtain the following for the connections:

A= <F1/2 dp + 2F1/2dv) Jo + @Fl/?) i (4.11)
OF OF OF
2N gy lp ]
+[ (ar av)d 5 ad+€rd<p Ja,
T 1/2 1 1/2 1 1/2
A=F ng - ZF dv J() - EF J1 (412)

OF \OF ¥l
+[(8T—F av)d —iF 5 —grdgo]J
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These connections can be written as A = A,da* and A = A,dz". From (4.11) and (4.12)

one reads:
_ Lo 1(5F_ 1‘9F>
A, = EF Jo + 5\ ar F By Jo, (4.13)
Loy 1,0F
A, = €F Ji 2F 5 Jo, (4.14)
1
Ay, = FY2J5 + 77 (4.15)
and
1 - _Lipie 1(3F_ 151’)
A, = EF Jo + 5\ F 50 Jo, (4.16)
i - _Llpapy 1pa0F
A, = EF J1 2F 5 Jo, (4.17)
Ay, =FY2 ], - %rjg. (4.18)

We have then managed to find the gauge connections corresponding to (4.1). Our next step
will be to substitute these connections in the equations of motions we found in the previous
chapter and solve for F(r,v). We will do this following the setup that led us to determine

mass profile (3.17), corresponding to a thin null shell that sources a Vaidya-like metric.

4.2 The spin-2 case

We have already seen that the variation with respect to A and A of the total action (3.36)

leads to

k d.’Ep (3) -1

- [(0,A) — 0L AL) + [Au, AVl = —/dsge,wpé (x —z(s))UP(s)U™ ", (4.19)
and

k - - S dx?
o (@A - 0,4, + [4, 4] = - / A5 6upd e — 2(s) P(s),  (4.20)
where z(s) is the trajectory of the probe particle. Since we are interested in dust shells that

follow null geodesics, we choose the following trajectory parametrized by s:
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v(s) =vo, 7T(s)=ro+cos, @(s)=¢o (4.21)

which we showed to be the trajectory followed by a probe particle in the massless limit in
the AdS background (see (3.14)).

According to our discussion at the end of Chapter 3, such a choice of trajectory (a
geodesic) allows us to set, in the spin-2 case, U = 1. Making use of this simplification

and substituting the geodesic trajectory, Eq. (4.19) becomes

k

o [(0rAp = 0pAr) + [Ar, Ag]] = 0 (4.22)
% [(&)Ar - arAv) + [AU7A7"H =0 (4'23>
o 10,4, — 0,40) + [0, Ag]) = = [ 55 eand®(@ — () Pls)  (421)

In Appendix C we have worked out the explicit expressions of the left-hand sides of these

equations. The final results are

@0y = 0,4,) + [Ar A =F 2 (r = 550 oy (4.25)
(0o Ay — O, A) + [Ay, Ay = (412 ;fﬁ) T (4.26)
(D0 Ap — DpA) + [Au, Ag] = ( B ;Flﬂ‘g) Jo

+ ( €2F1/2 r+ F1/2gl: ;F—l/ngD Ji. (4.27)

Applying the equations of motion (4.22) and (4.23) in Eqgs. (4.25) and (4.26) implies:

F(u,r, o) =c+ 7; + f(v), (4.28)

where c is a constant. We see that the r-dependence is already as in the Vaidya metric. The

function f(v) is to be determined using Eqs. (4.24) and (4.27), the last of which now reads:

1
(B, Ay — D,A,) + [Ay, Ay] = —§F_1/2 %Jl. (4.29)
So,
Flp-ip df = / dsdrewrcs(?’) (z — 2(s))P(s) (4.30)

2772
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with

590z — afs)) — D= = r()3(p — o(s) )

and

eup =/ lgl [ 0], (4.32)

where |g| = 7? denotes the determinant of the metric (4.1), and

1 if the argument is an even permutation of vry
[, v,p] = ¢ —1 if the argument is an odd permutation of vrey .

0 if two or more arguments are equal

Eq. (4.30) then reduces to

s P2 = 50— (660 — o(5)) [ drstr = () P(s)
= RF12 %Jl — 25(v — v(s)) / dré(r — r(s))P(s). (4.33)

where we have "smoothed" the angular variable as in (3.17), i.e. we are considering a shell of
particles instead of a single one.

In order to find P(s) one must solve the equations of motion (3.33). Recall that P
plays the role of the momentum of the particle, and so we expect that its equation encodes
information about the mass of the particle. More precisely, we expect that the Casimir tr(P?)
"knows" something about our choice of trajectory, namely a null geodesic, which is followed

uniquely by massless particles. For U = 1 the first of equations (3.33) reads

dx* — dx*
i il
" ds Hods

For radial geodesics (¢ = 0) this equation reduces to

A +2AP =0 (4.34)

-1 - dv - dr 1 dv dr
P=—((Ay—A)—+ (4 —A))— ) = —— (F2Jy— + F~1/? ) 4.
2\ <( Jas T )ds> Vi ( Jogs t N ) 43)
where we have used egs. (4.13) to (4.17) for the expressions of the components of the

connections. In particular, for an ingoing null geodesic (v = 0, 7 = ¢p) this equation implies
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P=- M F7Y2 ) = e F7Y2 (4.36)

where ¢; = —f\—% is a constant?.
With the trajectory being that of an ingoing null geodesic, the first of the equations of
motion (3.33) gives:

d _dr d oF
—P+(AP—-PA)— =—P— |-F1/2 F—1 = 0. 4.
7 + ( )ds . g Ji+ 5 Jo, Pl co =0 (4.37)
If P= P'J; eq. (4.37) can be recast in the form:
d oF d oF
—pPLy - —F‘l—Pl Jo, J — P+ —F_I—Plj 4.38
DN B [J2, J1] = s 1+ (4.38)
Pld Pld F
~ | EZ/ 0 % S+ GE 1% P (4.39)
op! LOF
= co—— -12- pl 4.4
=C 8 J1 2 a J ( 0)

which is solved by P! = ¢; F~1/2, meaning that our solution is consistent with both equations
of motion, as it should be.

It only remains to see what the implications of the constraint TrP? = ¢y are. We get:

TrP? = PPy, = —(P°)?2 4+ 2P°P! + (P?)2 = 0 = ¢, (4.41)

i.e. the probe is massless, as is expected from the fact that it follows ingoing null geodesics.

Plugging (4.36) in (4.33) gives

kP12 EZLJ;JI =2c16(v —v(s)) 1 /dr&(r —r(s) P12, (4.42)
which implies that
df 2 ~ 8Gno
oo = 5 0w —v(s)) = =5 (v —u(s)) (4.43)

Comparing with (3.17), we see that (4.43) is precisely what we wanted to obtain. The
connections (4.11) and (4.12) are then the connections corresponding to the Vaidya metric

such as we introduced it in 3.1.

3While A can be a function of s, the residual reparametrization symmetry of the world-line
coordinate s allows us to set A(s) to a constant. See footnote 2.
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Integrated, the mass profile is of the form

f(v) =mO(v —vp) (4.44)

where m is a constant to be determined by the total mass of the black hole*
In view of this positive realization, we will now attempt to use our setup in a higher-spin

scenario, namely the SL(3,R) case.

4.3 The higher-spin case

In Section 2.3.2 we saw that the main difference that arises when considering fields with spin
higher than 2 is that the connections are expanded in terms of generators of the corresponding
sl(N,R) algebra. In the si(3,R), we introduced a base such that the connections are expanded

as follows

A=A? 4 AG) = A%j, 4 A%T,
= A% + ALJy + A%, (4.45)
+ AT + AN Ty + ATy, + AVTY 4+ AT,
A=A% 4 AG) = g2 7 4 A%T,
= A%+ ALJy + A%, (4.46)
+ A% + A Ty + A% e + AN Ty + AT

where the J, generate the sl(2,R) subalgebra and the five generators Ty, (recall that they
are symmetric and traceless in the indices a,b) are the higher-spin generators. The explicit
form of this representation can be found in Appendix A. The first thing to note is that now

the Killing form is given by (A.2)°, and so, for example,

4Presumably in terms of the ADM formalism|[45)].

®Note that now we have tr(J,Jp) = 274. So, compared to (2.30), we now have a factor 2 where
before there used to be a factor 1/2. Of course, there is nothing wrong with this, as it just reflects
the fact that the constant ¢ in tr(J,Jy) = ¢Tr(J,J») depends on the specific representation, as we said
before.
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cg = Tr(P?) = — (PY)2 + 2P'P! 4 (P?)?
1
+ 3 <4(P00)2 _gpYopol | (P01)2 . 3(P02)2 +12p0pll 4 6P02P12) '
(4.47)

That is, the higher spin components of P also source the mass. Since now we are in a higher-
spin algebra, we can ask ourselves what the equivalent of this would be for the higher-spin
charge. As we have emphasized, the spin charges are related to the values of the Casimirs.
The spin-3 charge is related to the value of the cubic Casimir. The latter can be built in
a similar way as the quadratic one, namely by finding a fully symmetric invariant trilinear

form (see [25] for details):

hlmn 0.8 tI’(T(leTn)) (448)

where the indices [, m,n run from 1 to 8, and the T, denote collectively the eight generators
{JQ, J1, J2,T00,T01,T02,T117T12} in the order implied. The parentheses in T(leTn) denote
symmetrization.

The value of the cubic Casimir is then given by®

cs = TrP? = hyyp P'PTP". (4.49)

The first terms of the expression above are

2 4
g = %(POO)3 + g(P01)3 + 12P%(PY%)% — 36(P"?)2PM + ... . (4.50)

The full expression can be found in Appendix A. The key point is that, as was to be expected,
the spin-2 components of P do not source the spin-3 charge. On the other hand, not all
combinations of spin-3 components will lead to a non-zero spin-3 charge. To see this, let us
come back to our discussion of 2.3.2. There we pointed out that there is a very easy way of
adding higher-spin components "by hand". The example we used was the BTZ black hole,
whose connections are sl(2,R)-valued. We said that if we considered these connections to
be actually sl(3,R)-valued connections in a particular gauge in which the spin-3 component

happen to be zero, then we could add a non-zero spin-3 component just by picking a different

6Tn the last equality there should be the proportionality constant between Tr and tr but we have
omitted it since it is not crucial for our considerations.
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gauge. This is precisely what we wanted to illustrate in Egs. (2.76) and (2.77), after which
we commented that this was an artificial way of building a higher-spin solution and that no
actual physics was added by doing this. At this stage that claim simply means that cg is
gauge invariant (recall that P transforms according to (3.30)). Even if from (4.50) it seems
that we just need some appropriate higher-spin components to make c¢s non-zero, the fact
is that gauge transformations leave the value of c3 invariant, and so zero remains zero. In
particular, it would be impossible to go from a gauge where all the higher-spin components
of P are zero to one where its only non-zero higher spin component is P%, say.

Having discarded the "easy" way of finding higher-spin solutions, the question in then how
do we find solutions with ¢3 non-zero. The answer to this question was found by Ammon,
Castro and Igbal [25]. They proposed that for this one should generalize the action (3.32) to

the form

S[U, P; A, A] = / ds(Tr(PU'DyU) + Aa(Tr(P?) — ¢2) + M(Tr(P?) — ¢3)),  (451)

where Ao and A3 are Lagrange multipliers. The possibility of adding higher-spin charges by
means of this simple generalization is actually the whole point of working with the constrained
system that led us to (3.32). One can of course add as many higher-spin charges as one wants
just by introducing the corresponding Lagrange multipliers. Now that we have gotten the
appropriate action, let us see what the equations of motion look like.

The variation of (4.51) with respect to P and u gives

d

—P+[A,,P] = 4.52

P+l ]=0 (4.52)
U'DyU +2XP +3X3(P x P) =0 (4.53)

where P X P = hyp T*PPP¢ and P is subject to the constraints TrP? = ¢y and TrP? = c3.

The variation with respect to A and A leads to the same equations as before, namely

ﬁw (0uAy — B,A,) + [A, / ds—e,wpfs(?’) (¢ — 2(x))UPU ! (4.54)

and

ﬁ ((8“/_11, — 8,/1‘_1#) + [ /dsie,uz/p )(55 —x(z))P. (4.55)
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We commented at the end of Chapter 3 that in the higher-spin case it is not consistent to set
U =1 and choose a geodesic path at the same time. This means that the field U must now
reappear in all our equations, and we shall see that this will constitute a great complication

of our task.

Let us write Eq. (4.54) with the connections expanded in the basis of sl(3,R) generators:

% (0,AP - 0,42) + [AD, 4P| +
% (0,49 — 0,480 + [AD, AD)] + [AD, AD)] + [AD, 4P|

For p = v, ¢ the right-hand side of this last equation is zero when one chooses the trajectory
(4.21). Furthermore, if we choose the spin-2 component to match exactly what we found in
the sl(2,R) case’, then the first line also vanishes for p = v, ¢ (see (4.22),(4.23)). One is then
left with the equations:

- ((0,48) — 0,480 + [AD), AD] + [AD), AD)] + [4®, 4AD)]] = 0 (4.56)
% (0,4 — 8,40 + [AD, AD)] + [AD), AP + [4D), 4P| =0 (4.57)
% (0,42 = 0,4) + [AD), AD]] +

2]; (0,AD) — 8,4) + [AD, AL)] + [AD, 4D + [4D, 4P| (4.58)

= —/dsZewr(s(?’)(x —x(s))UP(s)U !
= 8(v =)ol = ¢(s)) [ dra(r = r(s)B()

where P(s) = UP(s)U~!. The first three terms of the left-hand side of Eqs. (4.56) and (4.57)
are proportional to the generators T,;. The algebra (2.72) indicates that that cannot be the

In principle, this need not be the case. However, it seems natural to impose that when we turn
off the higher-spin components of the connections, one recovers the spin—2 connections (4.11) and

(4.12). That is for example the case for the higher-spin black hole that we presented in (2.79), which
reduces to BTZ for W =0and p=0
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case for the last term of the left-hand side of these equalities. This means that one must deal

with the independent equations

¢ (0,48 — 9,4D) + (AP, AD| + [AB), AD] =0 (4.59)
o AP, 48] =0 (4.59D)
¢ (0,AD — 0, AP) + [AD), AP 4 |AP), AP = 0 (4.60a)
o [AP),AP] =0 (4.60b)

On the other hand, Eq. (4.58) implies:

k dr
il @ _ (2) (2) 42 3 A® ] = _ bl _ a
- (0,49 - 9,4P) + [AD), AD)] + AP, 4D ]| /dsdsevwé (z — x(s))P"J,
(4.61)
and
k
- 3 _ (3) (2) AB) (3) 42
o [0:AY = 0,AP) + [AD, 4D + (AP, AD]]
=0(v—w0)d(v — ¢(s)) / dré(r — r(s)) PP T, (4.62)
A similar argument holds for (4.20), which leads to the following equations:
¢ (0, AD) — 9,AD) + [AD, AD| + [AB), AD] =0 (4.63a)
o AP, AD] =0 (4.63b)
o (0,4 — 0,A)) + AP, )] + [AP), 4P| =0 (4.64a)
o AP, AP] =0 (4.64b)

and for the v, components:
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ko - . o ) dr .
= (0,42 — 0,42 + AP, Q)] + [AP, 4Q)]] = - / ds—cuprd® (x — 2(s)) P*Jo
(4.65)
k A3 A(3 A(2) A(3 A(3) A2
o (0,AD) — 8,A)) + [AD, 4L)] + AP, Q)]
— §(v — v0)3(¢ — o(s)) / dré(r —r(s)) P™Tap. (4.66)

We see that, compared to the equations for A, these last equations are much simpler in the
sense that it is P who appears rather than P. Looking back at (4.52), we see that we can
solve for P without having to solve for U, whose equation of motion (4.53) is much more
complicated (and requires to first solve for P, in any case.) Note that if we solve for P, then
we could hope to find A, since the two differ just by an integration over a delta function (see

(4.55)). Let us then try and solve the equation (4.52).

4.3.1 Solving for the momentum

Split into its spin—2 and spin—3 components, Eq. (4.52) implies

r o

d%p@ + o[ AD, PO 4 ¢[A®), PO = g (4.67a)
LPO) 1 ¢o[A2), PO) + o[ AP, P =0 (4.67h)

We want to find connections whose spin—2 part coincides with (4.11), (4.12), and that are
sourced by a non-zero higher-spin charge. This means that we must find a P such that

c3 = TrP3 # 0. Many different Ansdtze for P would lead to a non-zero higher-spin charge.

For example, for the choice P = P%T}, one has ¢y = AP ;OQ and c3 = @8. However, this
Ansatz is inappropriate for several reasons; in particular, such a choice would lead to more
than one independent equation coming from (4.67b) for the one unknown P%. One can see
that, in general, the system of equations for the components of P will be overconstrained for

simple Ansdtze of P such as the aforementioned.

8While it may seem strange to even consider a solution with ¢y # 0 for the trajectory we have
been using, it is not inconsistent to do so. The reason is that the interpretation of our trajectory as
a geodesic is no longer valid in the presence of the higher-spin field. Massive probes can then follow
such a trajectory just as massless probes can be "forced" to follow non-null trajectories by applying a
SL(3,R) gauge transformation.
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In order to find a consistent P, let us use the gauge freedom to simplify Eqgs. (4.67a) and
(4.67a) by assuming that we have fixed the gauge in such a way that A( ) = 0. This choice is
not as arbitrary as it may seem. Indeed, recall that (4.63b), (4.64b) must hold, and so AP
cannot have any value. With this choice, Eq. (4.67a) becomes

d
ds

which is nothing but Eq. (4.37), whose solution was found to be

PP 4 o[AD), PP =0 (4.68)

P2 = plj, (4.69)

with P! = ¢; F~1/2, That the spin-2 part of P is precisely what was found in the SL(2,R) case
is of course consistent with the fact that we are demanding the spin-2 part of the SL(3,R) A

connection to coincide with what was found before. Note, however, that this last requirement

(3)

does not lead necessarily to the identification we just mentioned. Indeed, if Ay” were not
zero, we would have gotten a completely different solution for P(2).
Eq. (4.67b) now reads
4 pB) | o (A2 pO)
£P + oA, P = 0. (4.70)
Reading /_19) = —%F‘l/z,]l — %F‘l%—fJg from (4.17), this equation implies:
dPOO _
+ 2¢9A2P" =0 (4.71)
apo - -
- 3coALPY% 4 2c9 A2P™ =0 (4.72)
dp? - -
P 200 ALPY + ¢y A2PY =0 (4.73)
dPll _ _ _ _
P coAFPY 4+ cg AL P + g A2PY — 2¢pA2PM =0 (4.74)
dP12 _ _
P coALPY — g A2P12 =0 (4.75)

When solving these equations one must eventually integrate over s. However, since r =

ro + cos, the variable s can be changed to r. For example,

/O ds' A% = / dr' A%(r log(€2 )|

with F,, = F|

1 F
=——1 4.
70 2 (Fm) (4.76)

:c+2—8+m@(vao).

r=rQ
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The solutions are:

7)00
PO ="_F (4.77)
F,
3PP 4p%
01 _ p01 2
P =P + EF,}O/QT + 3£3F§0/2r (4.78)
F 1/2 27)00
02 __ 02
P = <F7"0) (73 + EFTIO/QT (4.79)

Pl = x - P4 L(7312 + 7D—OQ(C +mO (v —wv)))r + 7)700(0 +mO(v — vg))r?
Fry g F, 0 2 0
T0 T

FNTY( 5P%2 o 7PY
+<F7-0) <6f3F§0/2T +£4FT20T >
(4.80)

F\ /2 01 02 4P00
P = ( ) (7?12 - P1/2r - 37; L 3/2) (4.81)
FTO KFTO 2€ FTU 3£3Fr0

where the P’s are integration constants. The connections A can be obtained following (4.65)
and (4.66). As we mentioned, the situation for the connection A is more complicated as we
would have to solve for U in (4.53). While some simplifications of the type we did for A are
conceivable, finding a solution to this equation requires great computational power; for the
moment, we leave this as an open problem. The major complications come from the number
of unknowns we have to deal with. Indeed, treated as a matrix, U (or any of the fields) is a
three by three matrix and so it has 9 elements. Treated as an element of the group written
in the exponential map, the expression for U is even more complicated for computational
purposes. In this case U is of the general form V"otV i+ +UNTu+U"Ti2 an( even taking
the exponential can prove computationally very demanding. A wiser approach than brute
force at solving Eq. (4.53) and eventually Eq. (4.54) must be taken. In the next, final chapter

we will further comment on this.



Chapter 5

Conclusions and perspectives

Inspired by the kind of setups that leads to the Vaidya metric, the simplest non-static
generalization of the Schwarzschild solution, we have established a framework that allows
us to look for dynamical higher-spin gravity solutions in three dimensions from a given set of
equations of motion. These equations of motion were derived from an action corresponding
to a particle carrying higher-spin charge coupled to gravity. The key feature of this action,
first presented in [41] and further studied in [25], is that it is written in an explicit group-
theoretical language, which allows for generalizations to higher-spin by means of an extension
of the gauge group. In the specific spin-3 case that we treated in this thesis, that action is of

the form

S[U, P; A, A] = /ds(Tr(PU—leU) + A (Tr(P?) — ¢2) 4+ A3(Tr(P3) — ¢3)). (5.1)

As we saw, the Langrange multipliers Ao and A3 serve to impose constraints on the mass and
spin-3 charge of the particle, making them tunable parameters. When both ¢o and c3 are
zero, the particle follows ingoing geodesics, and we used this fact to form a collapsing shell
composed of an infinite number of these particles. This exactly mirrors the Vaidya setup,
and so one might expect that the connections obtained from our set of equations are actually
the connections corresponding to the Vaidya metric. A comparison between the two metrics
(the Vaidya metric and the one obtained from our connections), allowed us to see that this

intuition is indeed realized, and so the claim follows that
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A= <F1/2 dp + 2F1/2dv) Jo + @Fl/?) i (5.2)
+ B (8; - F‘lgf) dv — %F‘laa—l:dr + z'rdga] Ja,

A= (F1/2 dp — 2F1/2dv) Jo — GFW) i (5.3)
B <(?9f — Fl(zf> dv — ;Flgfdr — zrdgp] Ja,

with F(r,v) = (1 + 2—5 +mO(v — U())), are the Vaidya connections (up to some integration
constants).

However, the comparison between the two metrics is only available in the spin-2 scenario,
since it is in that case that there is a direct map between the metric and the connections via
the definitions of vielbein e and spin connection w. For our purposes, the more interesting
scenarios were those involving higher-spin, were such a map does not exist (at least not
obviously). This means that one can no longer recur to the metric/gauge connection map to
check whether or not there is dynamics. Nevertheless, there exists a natural way to ensure that
one is constructing dynamical higher-spin solutions, namely by demanding that, if we turn
off the higher-spin charges, they reduce to (5.2), (5.3), which are certainly dynamical. This
is the kind of generalization we considered. We saw that, provided one picks the appropriate
gauges, in this case some of the equations of motion are perfectly tractable. For example,
we were able to find the momentum P of a solution carrying higher-spin charge (see Egs.
(4.77) to (4.81)). Moreover, integrating these equations over a delta function allows us to
find straightforwardly the connections A.

Notwithstanding, there is one equation of motion which poses more difficulties — that of
U. As we commented, the equations for U should not be treated brutally, since they require
great computational power. One possible way to overcome these difficulties would be to make
the most of the gauge invariance of the action. Indeed, it is conceivable that, for some specific
gauges, our equations could take a simple, tractable form. In fact, as we stressed above, this
is precisely how we eventually solved for the momentum P. The question remains whether
or not the same can be done for U. We will now explore some ideas and partial results in
this direction.

A particular feature of our setup that could be used to simplify the equations is the fact

that the shell is localized. As it turns out, this implies that the stress tensor is of the form
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TH o Mé”‘ér”, which is non-zero only along the shell. That the shell is localized is also
reflected by the Dirac delta appearing in our equations:

’ da” )
7«@&-&AQ+MW&D:—/ME?Wﬁ@u—MMWPU1 (5.4)

and

37 (A =0.4) +14, 4) = = [ 65TtV —a@P. (59)

Thus, if we consider the spacetime outside or inside the shell, we are in a region where the
connections are flat. It might seem surprising that we even consider flat connections at all.
After all, part of the point of introducing the shell was the need for non-flat connections.
However, what we are contemplating here is not a mere stepping back. Indeed, it is
conceivable that appropriate matching conditions would eventually allow us to connect the
solutions in the flat regions so as to account for the shell'. Let us then see in what sense flat
connections could simplify our task.

Looking back at (2.35), we see that flat connections are in general related to A = A =0

via

A=LdL™1, A= R4R, (5.6)

with L, R elements of the algebra in consideration. For U and P this reads:

U(s) = L(s)UgR(s),  P(s) =R '(s)PyR(s), (5.7)
where Uy and Py are the solution of (4.53), (4.52) for A = A = 0. To see how this simplifies
everything, consider the equivalent of these equations in the spin-2 case, Eq. (3.33). Because
in that case we could set U = 1%, we never needed to worry about solving the equation for
U. The fact is, however, that even without such a simplification we could found all the same
have any solution corresponding to flat gauge connections. All that would have been needed
is to use (5.7), where Uy and Py are solutions of (3.33) for A= A =0, i.e

Uo(s) = uge 210 fds}‘(s), Py = const. (5.8)

IThis is actually a very standard practice when treating shells in general relativity. See e.g. [50]
for details.
2See discussion at the end of Chapter 3.
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where ug is a constant. This procedure of finding U and P for flat connections by relating
them to their values when A = A = 0 is what in [25] was called the ‘nothingness trick’. By
extending this trick to the spin-3 case, one could then hope to find flat connections satisfying
the appropriate junction conditions along the shell, thus potentially allowing us to find the
full, non-flat connections. To further develop these ideas will be our guiding goal in the
immediate future.

Finally, it should be pointed out that a recent work by Perlmutter [12] casts some doubt
on the ultimate physical consistency of the putative CFT duals of the SL(N) theories at
finite N we have discussed. The argument builds on the fact that they seem to violate a
bound on chaos [48] that is intimately related to causality [49]. It would be nice if these
claims could be explicitly tested using a higher-spin solution. Such a test would naturally
require solutions that are dynamical. Our work could then provide a starting point in this

direction.
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Appendix A

SL(3,R) conventions

Here we present our conventions for the algebra (2.72). We work in the following

representation:
0 1 0 000 10 0
Jo=|-% 0 1], Ji=|[10 0], Jo=10 0 0 |,
0 —3 0 010 00 —1
0 2 -1 0 0 0 1 0
Too=|0 -2 0f, Ton=|0 %2 0 [, Toe=|—-5 0 —-1],
3 0 3 -1 0 —3 (0 3 0
00 0 0 0 0
Thn=10 0 0], Tiz=11 0 O0f, (A1)
2 0 0 0 -1 0
The quadratic Killing form is
-2 20 0 0 0 00
2 00 0 0 0 00
0 02 0 0 0 00
8 8
on = (T o) = 3 g 2 8 _32 _23 2 i 3 (A.2)
-2 20 0 0 -20 2
0 00 4 0 0 00
0 00 0 0 2 00
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where the T),, denote collectively the generators {Jy, Ji, Jo2, Too, - . ., T12}.
The values of the Casimirs used in the main text are obtained in this representation

through the definitions

cp = Tr(P?) = — (P2 + 2P°P! 4 (P?)?

—~

+ (4(1300)2 _gpoopol | (P01)2 . 3(P02)2 4+ 12p%0pll 6P02P12>

W =

and

3

103 :8(P00)3 + (P01)3 + 9P01 (PUQ)Z o 27(P02)2P11
+ 9(P00)2(2P00 o 2P01 + 3P11) + (POO)Q(_24P01 + 36P11) + 9P01P02P12
+ 27P02P1P2 _ 9P01(P2)2 - 9P0(4P00P1 _ P01P1 + 3P02P2 _ 3P12P2)

+ 3P00(5(P01)2 _ 3(P02)2 + 9(P1)2 _ 12P01P11 + 6P02P12 _ 9(P12)2 + 3(P2)2)

as can be explicitly checked.



Appendix B

The Vaidya spin connections

In this appendix we use (4.4) and (4.6), together with equation (4.5) to solve for the spin
connections that enter in the gauge connection we build for the Vaidya metric. The results
of the computation developed here are reported in Eq. (4.7) in the main text.

Let

0 a f
Wep=|—a 0 ~|, (B.1)
-8 — 0

where «, 8 and v are one-forms to be determined, then

010\([0 o 5
wh=n"wep=11 1 0||-a 0 ~v|=]-a a B+7v (B.2)
0 0 1 -8 —v 0 -6 —v 0

—a 0 ol

Substituting this into (4.5) leads to:
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1 oF
wob Aeb :woo A+l Ael Wl Ae? = by A N

2 or
OF
wOO =—a= —04060 + (_iF_l/QE) el —M%Q
= B

W' =7 oxe? = 70,71 =0

1 oF
wh A e =wly Al Fuwh Ael Fwlhyne? = PRI O pe!

2 Ov
are® Nel +age Nel = %F‘g/zg—feo/\el = ap = %F_S/Q%—f—
=
w12:5+7(]3:3)ﬁ+7262O<€2=>ﬁ0751 =0
Fl/2 ) )

e Ne

w2b/\eb:w20/\eo+w21/\61+w22/\62:f
r

W20:—50<€0=>51752=0(§>4)5=0

2 a2 FY2 9
Wi 7(8.3) Y2e €
So we have
—a 0 v 0 —a v
wh=1-a a vy =w?=|a 0 AR
0O —v O —y —v 0
with
1 _3/2(9F 1 _1/28F> o 1 _1/28F1
°F el g ) el
(2 ov 2 or )€ +2 ar <
1 _,0F OF 1 __,0F
- ———d —F~ " —dr
2( ov 8r> vt or
F1/2
v=— 62:—F1/2d<,0.
r

(B.3)

1p-1/20F
2F or

(B.4)

(B.7)

(B.8)

What enters in the Chern-Simons connections is w® = %e“bcwbc, with €%, = n%eepe. Using

the expression for the inverse of (4.3) it is easy to see that



B THE VAIDYA SPIN CONNECTIONS

63

0 0 02
€91 =—€10="7 €01 =0
0 0 01
€2 =—€99 =1 €102 =—1
0 0 00
€19 =—€9; =1 €12 =10
1 1 12
€91 =—€10="7 €201 =0
1 1 11
€2 = —€99 =1 €102=—1
1 1 10
€19 =—€91 =17 €12=1
2 2 22
€ = —€0=1n"€01 =1
2 2 21
€02 = —€90=1n""€102 =0
2 2 20
€9 = —€9; =n" €012 =0
With this we get
o_ 1o g 0 02 1/2
W= S W = € gpW =—y=F"'"dp
1 11 be 1
W= S € = ' + etpw!? =0
o Lo e o 01 _ 1 13F oF
W = Z€p W = €W = — -
2 2 ov



Appendix C

Equations of motion for the Vaidya

A connection

In this appendix we work out the explicit expressions of the left-hand sides of (4.22), (4.23)

and (4.24).
Let us first differentiate the components (4.14) to (4.18):

1 apoF 1
8TA¢—2F 8TJO+£J2
0,4, =0
_ L gpdF 1 Z0FOF
DAy = 2£F ov J1+2F or Ov J2
1 OF 1 (0%F OF OF
A, = —F 1207 g 2 [ CE L p2dR 98
oo =50 67’J0+2<8r2+ or v )
_ 1 pp0F
0yA, = SFT2Sm g,
9,A, =0

For the commutators one finds:

(C.1a)
(C.1b)

(C.1c)

(C.1d)

(C.1e)

(C.1f)
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(A, Ay = %[Jl,Jo]%— = 172 [Jl,Jg] 1/2(2F [J2, Jo] (C.2a)
Ay, Ay] = ;2 [Jo,Jl]—?gF U?‘ZF[JO,JQ} 2—€F 1/2 (‘21: P 1‘?;) [, 1] (C.2b)
[Ay, Ay] = ?QF V201 o, Jo) +§F1/2 (%1: F—lgf) [J2, Jo] (C.2¢)
= E—Fl/Qr(Jo + 1) + %Fl/z (%I: F‘l(?;;) (Jo+ J1)
= 2 1/2ZF(J0+J1)

where Eq. (2.30) has been used to compute the commutators of the corresponding generators:

[Jo, J1] = —[J1, Jo| = €012 ( D05+ 02t + 7722J2) =.Jy
[Jo, J2] = —[J2, Jo] = €021 (ano + '+ 7712J2) =—(Jo+ 1) (C.3)
[J1, 2] = —[J2, J1] = €120 (WOOJO +n% T+ 7702J2) = Ji,

with €12 = 1.
Combining (C.1) with (C.2) leads to:
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_ _(Lp-120F L —1/2(9F)
(O Ag = 0,4+ A Ag) = (P50 - SFCT) oy

1 1 OF 11
+ (ﬁF—l/% — 2F_1/28r> Ji + ( - ) Jo (C.4)

1 10F
2. Y
F <€2r 2 87") &
1 oF 1 oF
vy — UprLfy v Ar = _7F_1/27 F_1/2>
(00 Ay — 3 Ay) + [Av, Ar] (% b FTS)
1 a0 0F 1 oF 1 oF 1 a0 0F
_7F—3/27 7F—1/27 _ 7F—1/27 F—S/Z)
+ ( 2" ow T or 2 ar Tt )

1 10°F
1 18°F
N (e? _28r2>J2
. _{_ 1 1/2 1 1/26F _1 —1/28F } —1/28F)
(0pAy — 0,A,) + [Ay, Ay _< €2F r+ 2F 5 2F 50 + 2F " Jo
(C.6)

L 1apdF 1 —1/23F>
+( €2F 7ﬂ+2F or 2F ov &
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