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Abstract

This thesis consists of two parts. The first part addresses the issue of
conformal anomaly matching from the holographic perspective and is
reported in chapter [2] The second part aims to the study of higher

spin generalisations of black holes in 3D and is reported in chapters

Bl and [l

In chapter [2| we discuss various issues related to the understanding of
the conformal anomaly matching in CFT from the dual holographic
viewpoint. First, we act with a PBH diffeomorphism on a generic
5D RG flow geometry and show that the corresponding on-shell bulk
action reproduces the Wess-Zumino term for the dilaton of broken
conformal symmetry, with the expected coefficient ayy — arg. Then,
we consider a specific 3D example of RG flow whose UV asymptotics
is normalizable and admits a 6D lifting. We promote a modulus p
appearing in the geometry to a function of boundary coordinates. In
a 6D description p is the scale of an SU(2) instanton. We determine
the smooth deformed background up to second order in the space-
time derivatives of p and find that the 3D on-shell action reproduces
a boundary kinetic term for the massless field 7 = logp with the
correct coefficient dc = cyy — crg. We further analyze the linearized
fluctuations around the deformed background geometry and compute
the one-point functions < 7, > and show that they are reproduced
by a Liouville-type action for the massless scalar 7, with background
charge due to the coupling to the 2D curvature R®. The resulting
central charge matches dc. We give an interpretation of this action
in terms of the (4,0) SCFT of the D1-D5 system in type I theory.



The content of this chapter has been reported in arXiv:1307.3784v3
[hep-th] (JHEP 1311 (2013) 044).

In chapter |3| we address some issues of recent interest, related to the
asymptotic symmetry algebra of higher spin black holes in si(3,R) x
sl(3,R) Chern Simons (CS) formulation. In our analysis we resort to
both, Regge-Teitelboim and Dirac bracket methods and when possible
identify them. We compute explicitly the Dirac bracket algebra on the
phase space, in both, diagonal and principal embeddings. The result
for principal embedding is shown to be isomorphic to WS(Q) X W?)(Q).
Our revision complements the viewpoints of [I, 2]. The content of
this chapter has been reported in arXiv:1407.8241 |[hep-th].

In chapter [4] we present a class of 3D black holes based on flat con-
nections which are polynomials in the BTZ hs()) x hs(A)-valued con-
nection. We solve analytically the fluctuation equations of matter in
their background and find the spectrum of their Quasi Normal Modes.
We analyze the bulk to boundary two-point functions. We also relate
our results and those arising in other backgrounds discussed recently
in the literature on the subject. The content of this chapter has been
reported in arXiv:1407.5203v2 [hep-th](submitted to JHEP).
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Introduction

The proof of the a-theorem in D=4 CFT and the alternative proof of c-theorem
in D=2 CFT [3], given in [, [5], inspired by the anomaly matching argument
of [6], has prompted several groups to address the issue of a description of the
corresponding mechanism on the dual gravity side [7, 8. While a sort of a(c)-
“theorem” is known to hold for RG-flows in the context of gauged supergravity
[9, [10], as a consequence of the positive energy condition, which guarantees the
monotonic decrease of the a(c) function from UV to IR [LI]] one of the aims of
the renewed interest on the topic has been somewhat different: the field-theoretic
anomaly matching argument implies the existence of an IR effective action for
the conformal mode, which in the case of spontaneous breaking of conformal
invariance is the physical dilaton, whereas for a RG flow due to relevant per-
turbations is a Weyl mode of the classical background metric (“spurion”). In
any case, upon combined Weyl shifting of the conformal mode and the back-
ground metric, the effective action reproduces the conformal anomaly of amount
ayy — arr (cyy — crr), therefore matching the full conformal anomaly of the
UV CFT. This effective action therefore is nothing but the Wess-Zumino local
term corresponding to broken conformal invariance. So, one obvious question is
how to obtain the correct Wess-Zumino term for the dilaton (or spurion) from
the dual gravity side. One of the purposes of our study is to discuss this issue

offering a different approach from those mentioned above. In known examples

! Different approaches have been discussed lately [12, [13] [14].



1. INTRODUCTION

of 4D RG flows corresponding to spontaneous breaking of conformal invariance
on the Coulomb branch of N = 4 Yang-Mills theory [15] [16] 17, 18], indeed the
existence of a massless scalar identifiable with the CFT’s dilaton (see also [8] [19])
has been shown. However, the background geometry is singular in the IR, so that
one does not have a full control on the geometry all along the RG flow. It would
be therefore desirable to have an explicit example which is completely smooth
from UV to IR, and indeed we will discuss such an example in the AdSs/CFT,
context.

Before going to analyze in detail a specific example, we will generally ask
what is the bulk mode representing the spurion field of the CFT. The spurion
couples to field theory operators according to their scale dimension and trans-
forms under conformal transformations by Weyl shifts. These properties point
towards an identification of this mode with the PBH (Penrose-Brown-Henneaux)-
diffeomorphism, which are bulk diffeomorphisms inducing Weyl transformations
on the boundary metric, parametrized by the spurion field 7. This identification
has been first adopted in [20 21] to study holographic conformal anomalies and
also recently in [7, 8 22] to address the anomaly matching issue from the gravity
side.

As will be shown in section 2.1], for the case of a generic 4D RG flow, by
looking at how PBH diffeomorphisms act on the background geometry at the
required order in a derivative expansion of 7, we will compute the regularized
bulk action for the PBH-transformed geometry and show that it contains a finite
contribution proportional to the Wess-Zumino term for 7, with proportionality
constant given by ayy — arg.

In the case where conformal invariance is spontaneously broken, when D > 2,
one expects to have a physical massless scalar on the boundary CFT, the dilaton,
which is the Goldstone boson associated to the broken conformal invariance.
As stressed in [§], one expects on general grounds that the dilaton should be
associated to a normalizable bulk zero mode, and therefore cannot be identified
with the PBH spurion, which is related to a non normalizable deformation of the
background geometry.

In section [2.2] we will follow a different approach to the problem: starting from
an explicit, smooth RG flow geometry in 3D gauged supergravity [23], we will



promote some moduli appearing in the solution to space-time dependent fields.
More specifically, we will identify a modulus which, upon lifting the solution to
6D, is in fact the scale p of an SU(2) Yang-Mills instanton. We will then find
the new solution of the supergravity equations of motion up to second order in
the space-time derivatives of p. We will find that demanding regularity of the
deformed geometry forces to switch on a source for a scalar field. We will then
compute the on-shell bulk action and verify that this reproduces the correct ki-
netic term boundary action for the massless scalar field 7 = log p, with coefficient
0c = cyy — CIR |I| The computation of the CFT effective action is done up to
second order in derivative expansion. Namely, only the leading term in the full IR
effective action is computed, and our procedure is similar to the one followed in
[24] for the derivation of the equations of hydrodynamics from AdS/CFT. In sec-
tion we reconsider the problem from a 6D viewpoint [25]: the 6D description
has the advantage of making more transparent the 10D origin of our geometry
in terms of a configuration of D1 and D5 branes in type I string theory E|

Here we take one step further: not only we determine the deformed back-
ground involving two derivatives of p but also solve the linearized equations of
motion around it to determine the on-shell fluctuations. This allows us to com-
pute one-point functions of the boundary stress-energy tensor < 7),, >, from
which we deduce that the boundary action for 7 is precisely the 2D Wess-Zumino
term of broken conformal invariance, i.e. a massless scalar coupled to the 2D
curvature R® and overall coefficient dc. An obvious question is what the field 7
and its action represent on the dual CF'T. We will argue that the interpretation of
the effective field theory for 7 is a manifestation of the mechanism studied in [28],
describing the separation of a D1/D5 sub-system from a given D1/D5 system
from the viewpoint of the (4,4) boundary CFT. There, from the Higgs branch,
one obtains an action for the radial component of vector multiplet scalars which

couple to the hypermultiplets, in the form of a 2D scalar field with background

IThis new field 7 should not be confused with the spurion fields discussed in sections

and We hope not to confuse with this abuse of notation.
As it will be clear in section the background geometry involves to a superposition of

D5 branes and a gauge 5-brane [26] supported by the SU(2) instanton. The latter is interpreted
as a D5 branes in the small instanton limit p — 0 [27].
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charge, such that its conformal anomaly compensates the variation of the central
charge due to the emission of the sub-system. In our case we will see that in
the limit p — oo, the gauge five-brane decouples, whereas in the limit p — 0
it becomes a Db-brane: these two limits correspond in turn to the IR and UV
regions of the RG flow, respectively. The effective action for 7 = log p accounts,
in the limit of large charges, precisely for the dc from the UV to the IR in the RG
flow. We will give an interpretation of the action for 7 in terms of the effective
field theory of the D1-D5 system in presence of D9 branes in type I theory.

We stress that the above procedure, although, for technical reasons, imple-
mented explicitly in the context of an AdS3/CFT, example, we believe should
produce the correct Wess-Zumino dilaton effective action even in the D = 4 case,
had we an explicit, analytic and smooth RG flow triggered by a v.e.v. in the UV.
Of course, in this case we should have pushed the study of equations of motion
up to fourth order in the derivative expansion.

In the second part of this thesis we attempt to study distinctive features of
black holes in the context of 3D higher spin theories. We start by trying to
provide a hint for classification of charges in the case of s/(3,R) Chern Simon
formulation. Thereafter we proceed to present and study a class of solutions that
we argue should be interpreted as black holes.

Higher spin (HS) theories [29, B0, 31, B2] in 3D, have been of great interest
recently and specifically, the study of higher spin generalisations of black holes in
the Chern-Simons formulation has been one of the most active lines of research
[T, 2, B3], 341, 851 136, 37, B38|, 39, 140, [41], 42}, [43].

The 3D Chern-Simons (CS) is a theory of pure gauge degrees of freedom.
However, in backgrounds with conformal boundaries, like AdSs, it is not a trivial
theory. To have a well defined variational principle, boundary terms should be
added to the original action. These boundary terms are designed to make the
total action stationary under motion in a given region of the moduli space of flat
connections. The selection of that region, a.k.a. imposition of boundary con-
ditions, defines the domain of the moduli space to work with: the phase space.
Motion outside of the phase space does not leave the action invariant and it is
incompatible with the variational principle. The corresponding gauge transfor-

mations are dubbed non residual. Motion inside the phase space instead, leaves



the total action invariant by construction, then it is admissible. The correspond-
ing gauge transformations are called residual and they emerge as global symmetry
transformations. It is very important to stress that throughout chapter 3| we will
use the term phase space in the sense stated above, and not to denote all possible
initial data in a given Cauchy surface, as it is usually done.

In the last few years some families of phase spaces have been argued to contain
generalisations of the BTZ black hole [44]: They are called higher spin black holes.
See [2, 33]. Each one of these families is labeled by a set of numbers p, i usually
called chemical potentials. The name derives from the fact that they can be
identified with the chemical potentials of conserved higher spin currents in a 2D
CFT. Recently, attention has been drawn to the fixed time canonical symplectic
structure of these families [I], 2] (studies for highest weight boundary conditions
can be found at [32, 45, 46]). One main point of concern, regards whether the
associated Asymptotic Symmetry Algebra (ASA) is or is not independent on
the chemical potentials (u, ). An important fact that calls for attention is that
black holes are zero modes of a corresponding family, and so different phase spaces
sharing one of them, will provide different descriptions of the given black hole [47].
In fact the initial gauge invariance guarantees the presence of a map between any
two of such descriptions, the gauge transformation being of course non residual.
However, as we shall show, not all non residual gauge transformations take to a
new description of the phase space while preserving the form of the zero modes.
In chapter [3] we will address issues related to these questions. In order to simplify
the analysis we will do it in a perturbative framework and for the case in which
the gauge algebra is si(3,R).

The outline of this chapter is as follows. In section [3| we start by showing how
to identify the Regge-Teitelboim (RT) formalism [48] with the Dirac one, for a
family (us, fi3) in si(3,R) CS presented in [I]. Even though, as already known [1],
one can arrive at a fixed time W3 symplectic structure by use of RT formalism,
we will show that this procedure is equivalent to the implementation of a non
residual gauge transformation to a new phase space, that does not include the
(us3, fi3) black hole as zero mode. Thereafter we compute the Dirac brackets at a
fixed time and show that they can not be identified to the W3 algebra. Finally,

we compute the fixed time Dirac brackets in a different phase space that does
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include the (us, fi3) black hole as zero mode [2, B3], and show that their algebra
is isomorphic to W?)@) [2].

A distinctive feature of Black Holes (BH), in both asymptotically flat or
asymptotically (A)dS space-times, is the existence of “Quasi Normal Modes”
(QNM): if one perturbs a Black Hole one finds damped modes, i.e. modes whose
frequencies are complex, signalling the fact that the corresponding field can decay
by falling into the Black Hole. In the AdS case these modes have an interpreta-
tion in the dual CFT as describing the approach to equilibrium of the perturbed
thermal state [49] 50, [51]. This phenomenon has been studied extensively, espe-
cially after the proposal of the AdS/CFT correspondence, in the ordinary (su-
per)gravity context in various dimensions. In particular, for gravity coupled to
various matters in D = 3, the case of the BTZ BH has been studied in detail.

In chapter 4| we will be interested in generalising the problem to the context
of higher spin systems in D = 3. Such systems, with finite number of higher spins
< N, can be formulated via Chern-Simons theories based on sl(/N) algebras, but,
like ordinary 3D gravity, they do not contain propagating degrees of freedom and,
moreover, they do not allow coupling to propagating matter. In order to introduce
(scalar) matter coupled to the higher spin sector, one formulates the theory in
terms of a flat connection (A, A) for the infinite dimensional algebra hs(\) x hs(\)
[29, 30, 3T]. The matter fields are packaged in an algebra valued master field C,
a section obeying the horizontality condition with respect to the flat connection,
in a way that will be detailed below. It turns out that if one embeds the BTZ
BH in this system, one can follow a “folding” procedure to reduce the equation
of motion for C' in the BTZ background to an ordinary second order equation for
the lowest, scalar, component of the field C', with a A dependent mass given by
m? = A2 — 1. Therefore the corresponding QNM are the usual ones found for a
massive scalar field coupled to BTZ in the ordinary gravity case.

However, the higher spin systems are expected to admit generalized BH’s
carrying different charges, other than the mass and angular momentum carried
in the BTZ case [1], 33, 134, [35] [36], 37, B8, 39, 140, 41}, [42], 52]. The issue then
arises to study matter fluctuations in their background and possibly identify the
spectrum of the corresponding QNM. Unlike for the BTZ background, one expects

in general the “folding” procedure to give rise to a differential equation of order



higher than two for the matter scalar field and it is not to be expected to be able
to solve it analytically.

In chapter [4] we present a class of flat connections, depending on parameters
(14, 1), in such a way that when p and i go to zero we recover the BTZ connection.
We will argue that they correspond to BH configurations in 3D hs(\) x hs(\)
higher spin gravity. In addition, we will be able to solve the equations for matter
fluctuations analytically and therefore identify the presence of QNM.

As first discussed in [33], establishing whether a given geometry represents
a BH in higher spin theories is a subtle issue, due to the presence of a higher
spin gauge degeneracy that can, to mention an example, relate seemingly BH
geometries to geometries without horizons. We will follow the criterion of [33]
and impose the BTZ holonomy conditions on the connection around the euclidean
time S!. As a result spacetime tensor fields [32] will be shown to behave smoothly
at the horizon.

But as remarked above, further evidence arises from the analysis of their inter-
action with matter, in particular from the existence of QNM and their dispersion
relations. Another subtle and important issue, whose general aspects have been
subject of recent investigations, with different conclusions, [Il, 2], 39] 40}, 53], con-
cerns the precise determination of the charges carried by our backgrounds and,
more generally, their asymptotic symmetry algebras. Perhaps, one could get a
clue of the general answer by studying the truncations of hs(\) with integer A,
we hope to come back to this problem in the future. In this way one would be
able to, first, properly define their charges and, second, identify whether they are
of higher spin character or not.

As for the bulk to boundary 2-point function, even though the differential
equations of motion that determine them are of order higher than two, they are
described by combinations of pairs of solutions of a 2nd order PDE’s. Only one of
all these pairs is smoothly related to the solutions corresponding to a real scalar
field with m? = A\? — 1 propagating in the BTZ black hole [30, 54], as yu, i — 0.

The outline of chapter |4 is as follows. In the first section in 4| we introduce
the ansatze mentioned above and show that they define smooth horizons by use

of the relation between connections and metric-like fields proposed in [32]. Then,
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we identify our (u,i) with the so called chemical potentials in the solutions intro-
duced in [33] and [2], that from now on we denote as GK and BHPTZ[[| respec-
tively. We do it by identifying the gauge transformation relating our connection
to those ansétze. Next, in section [£.1) we discuss the equations of motion for the
effective scalar in the BH backgrounds and describe the strategy to solve them
for a generic element in the class. We give the explicit solutions for a couple of
particular cases. An important fact to stress on, is that even though connections
and generic metric like fields do break the asymptotic of AdS, the equations for
fluctuations do preserve the behaviour of scalars minimally coupled to AdS in all
cases.

In section 4.2l we show how to obtain the QNM and bulk to boundary 2-point
functions for a generic element in the class and discuss them in the same par-
ticular cases. As a last check, we transform our results to the GK and BHPT2
descriptions and verify that the result of the gauge transformation coincides with
the perturbative solution of the equations of motion for linear fluctuations of

matter, written in those ansatze, as it should.

IStrictly speaking its embedding into hs(\) x hs(\).
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2

Holographic anomaly matching

In this chapter we discuss various issues related to the understanding of the
conformal anomaly matching in CFT from the dual holographic viewpoint. First,
we act with a PBH diffeomorphism on a generic 5D RG flow geometry and show
that the corresponding on-shell bulk action reproduces the Wess-Zumino term for
the dilaton of broken conformal symmetry, with the expected coefficient ayy —arg.
Then, we consider a specific 3D example of RG flow whose UV asymptotics is
normalisable and admits a 6D lifting. We promote a modulus p appearing in the
geometry to a function of boundary coordinates. In a 6D description p is the
scale of an SU(2) instanton. We determine the smooth deformed background up
to second order in the space-time derivatives of p and find that the 3D on-shell
action reproduces a boundary kinetic term for the massless field 7 = log p with the
correct coefficient dc = cyy — ¢rr. We further analyse the linearized fluctuations
around the deformed background geometry and compute the one-point functions
< T, > and show that they are reproduced by a Liouville-type action for the
massless scalar 7, with background charge due to the coupling to the 2D curvature
R® . The resulting central charge matches éc. We give an interpretation of this
action in terms of the (4,0) SCEFT of the D1-D5 system in type I theory.

2.1 The holographic spurion

The aim of this section is to verify that the quantum effective action for the

holographic spurion in 4D contains the Wess-Zumino term, a local term whose

11



2. HOLOGRAPHIC ANOMALY MATCHING

variation under Weyl shifts of the spurion field reproduces the conformal anomaly
[ with coefficient given by the difference of UV and IR a-central charges, in
accordance with the anomaly matching argument. We start by characterizing a
generic RG flow background and the action of PBH diffeomorphisms on it. The
action of a special class of PBH diffeomorphisms introduces a dependence of the
background on a boundary conformal mode which will play the role of the spurion.
Indeed, we will verify that the corresponding on-shell Einstein-Hilbert action
gives the correct Wess-Zumino term for the conformal mode introduced through
PBH diffeo’s. We then study the case of a flow induced by a dimension A = 2
CF'T operator, and check that boundary contributions coming from the Gibbons-
Hawking term and counter-terms do not affect the bulk result. A derivation of
the Wess-Zumino action has appeared in [22], studying pure gravity in AdS in
various dimensions: the spurion ¢ is introduced as deformation of the UV cut-off
boundary surface from z constant to z = e®?®) z being the radial coordinate of
AdS. In appendix we present a covariant approach to get the same result
for the WZ term.

2.1.1 Holographic RG flows

We start by characterizing a generic RG flow geometry. For the sake of simplicity,
we are going to work only with a single scalar minimally coupled to gravity. In
the next section we will consider a specific example involving two scalar fields.
The action comprises the Einstein-Hilbert term, the kinetic and potential terms
for a scalar field ¢, and the Gibbons-Hawking extrinsic curvature term at the

boundary of the space-time manifold M:

1 1
S = / eGSR + (96) — V(6)) — / A2, (2.1)
M 4 oM 4
where K is the trace of the second fundamental form,
2K = 4"’ Ly Yas, (2.2)

IThis is a combination of a Weyl shift of the background metric with a compensating shift
in the spurion field. In this way the remaining variation is independent of the spurion field. It
depends only on the background metric.

12



2.1 The holographic spurion

and 7 is the induced metric on the boundary of M, OM. L, is the Lie derivative
with respect to the unit vector field n normal to OM.
The metric has the form:

Ply)dy* 1

ds* = + — g (y)dxtdx”, 2.3
R0 (23)

which is an AdSs metric for constant {(y) and g, (y) (¢, v =0,1,2,3.). ARG flow
geometry is then characterized by the fact that the above geometry is asymptotic
to AdSs both in the UV and IR limits, y — 0 and y — oo, respectively.

We assume that the potential V'(¢) has two AdSj critical points that we call
duv(rry and the background involves a solitonic field configuration ¢(y) interpo-

lating monotonically between these two critical points:

o(y) ~ p(y) + ¢uv, when y — oo (2.4)
o(y)  ~0¢(y) + érr, when y — 0 (2.5)

Around each critical point there is an expansion:
V() ~ Aovim + My ryd0(y)” + o(66(y)"), (2.6)

where d¢(y) = ¢(y) — duvr)- By using (2.6) in the asymptotic expansion of the
equations of motion:

1 1

ZR}U/ = u¢au¢ + gv[(b]a (27)

one sees that the constants Ayy(rg) play the role of cosmological constants and
fix also the radii of the two AdS5’s.

We discuss here the possibility to work in a gauge that makes easier to ap-
preciate how only the boundary data is determining the spurion effective ac-
tion. Consider a RG flow geometry of the form (2.3). Poincaré invariance of the
asymptotic value of the metric implies ¢, (y) = ¢(y)nu,. This is going to be an
important constraint later on. The scale length function /?(y) has the following

asymptotic behaviour:

Plyoy) ~ Ly + 0lovypyy, L (yir) ~ Lig + 45 (2.8)

Yrr

13



2. HOLOGRAPHIC ANOMALY MATCHING

Notice that there is still the gauge freedom:

(z,y) = (z,h xy),

where h = h(y) is any smooth function with asymptotic values 1 in the UV/IR
fixed points. This gauge freedom allows to choose positive integers nyy and nyg
as large as desired. In particular it is always possible to choose nyy > 2. This
gauge choice does not change the final result for the effective action because this is
a family of proper diffeomorphisms leaving invariant the Einstein-Hilbert action
(we will comment on this fact later on). Its use is convenient in order to make
clear how only leading behaviour in the background solution is relevant to our
computation. At the same time it allows to get rid of any back-reaction of dlyy
and dl;g in the leading UV /IR asymptotic expansion of the equations of motion.

The metric g, has the following UV expansion, for y — 0:

G = 95 + 92y + o (gff) + h{Dlog(y) + L) logQ(y)) +o(y®), (2.9)

and a bulk scalar field dual to a UV field theory operator of conformal dimension
A = 2 that we denote as O(y), behaves like:

6 = Oy + a(o)ylog(y) + ... (2.10)

where the ... stand for UV subleading terms. From the near to boundary expan-
sion of the Klein-Gordon equations it comes out the useful relation between the
conformal weight of O,y and the mass of ¢ on dimensional AdSy;:

d d?

AUV = 5 + Z + m2L2UV. (211)

In this critical case we have the standard relation between asymptotic values of
bulk fields and v.e.v.’s or sources, for the dual CFT operators: namely ¢(q) is the
v.e.v. and qg(o) the source. We have chosen the case A = 2 to take a particular
example, but one can generalise the results to any other value of A < 4. In the

remaining of the section we refer only to relevant perturbations.
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2.1 The holographic spurion

2.1.2 On the PBH diffeomorphisms

The PBH diffeomorphisms transform, by definition, the line element (2.3)) into:

%(ey 1. .
ds* = %d;f + ;gw(y)dx“dx ) (2.12)

with g, given by a UV asymptotic expansion of the form ([2.9)):
G =€ g% + ... (2.13)

and hﬁf‘; and ¢, with i = 2,4, determined in terms of the boundary data by the
near to boundary expansion of the equations of motion ({A.10)).
For the static RG flow geometry at hand, (2.3), a PBH transformation has

the following structure in terms of derivatives of 7:

ot = ™ =2 — aWeTy|o'r — aP]ey]0,0r — P ey 1o, T
—aWemy|Orotr — a®[e7y](97)*0 1 + O (0°)
g oy =y + B0 (Or) + B[y (O0r) + b ey (97)?
+ [Ty} (Or)(07)? + 0P [eTy)(07)*
+09[e7y] 0, 70" 10,1 + b7 [Ty (Or)?
+0®) [e7y] 0, (D)0 1 + O(°).
(2.14)

Notice we have written the most general boundary covariant form and that this
derivative expansion of the full transformation is valid along the full flow geometry
up to the IR cut off, not only close to the boundary. The constraints implied by
preserving the form allow to determine the form factors a” and b® in

terms of the scale length function /. To begin with, it is immediate to see that :

*(2)
d.at) = =2
4
where z = €7y, which can be readily integrated. Some of these form factors can be
settled to zero without lost of generality, since they are solution of homogeneous
differential equations. Let us study the following factor: b(). We can look at

second order in derivatives contribution of da* = z™ — x* to the (y, y) component

15



2. HOLOGRAPHIC ANOMALY MATCHING

of the metric, which is ~ (97)%. The contributions coming from dy = y™ — y

contains a linear order in y term proportional to

((—f + azz> bM) 4 zayb“)) Or,
z

that does not match any contribution from dz* and also a term proportional
to (07)%. This implies b(!) has to be taken to vanish. Consequently a'® would
vanish. In the same fashion one can prove b® can be taken to vanish and b®) can
be found to obey the following inhomogeneous first order differential equation:

2
O 1N oo 4 gpm - L,
l z ? 87

which can be solved asymptotically to give:
b®  ~ —LQ%,ZQ + O (z7vvE2) | pB) ~ —%22 + O (z7mrT2), (2.15)

Notice that so far, we have always taken the trivial homogeneous solution. In
fact we are going to see that this choice corresponds to the minimal description
of the spurion. The choice of different PBH representative E| would translate in
a local redefinition of the field theory spurion. In the same line of logic one can

find that:
2 2 1(3
0.a® = %326(3), 0.0 = %£7 0.0 =0. (2.16)
z

From these we can infer that 6™, b and b® obey homogeneous differential
equations provided a'® is taken to vanish, so we set them to zero too. The

following constraints:

a0 1 (0.0 +1021 31 2
SCAN BXG) 6)) — (W TG 0 Y e
(( l z)b + 0,b > ( 57 5 (b))

2 (% 1N 4 Lo @) 0@ _ L@
[z V) YT R
(2.17)
o0 1 2
22 p® b0 ) = —p® 21
((l ) 1o b, (2.13)

1 Namely, to pick up non trivial solutions of the homogeneous differential equations for the

form factors.
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2.1 The holographic spurion

give the UV/IR asymptotic expansions for the form factors:

b0~ —Ehv s b sy (2.19)
O~ —vs g p0) o L (2.20)

where the ... stand for subleading contributions. In appendix (A.1.2)) we extend
these results to the case of non static geometries. We use those non static cases in
section to check out the general results of this section in a particular example.

Before closing the discussion, let us comment about a different kind of PBH
modes. To make the discussion simpler we restrict our analysis to the level of
PBH zero modes i.e. 7 is taken to be a constant. Then, is easy to see that one
can take the transformation

y—y = €hXTya with h(y) ———— hwv,rr)-
y‘)(ovoo)

This arbitrary function h constitutes a huge freedom. In particular we notice
that one can choose a PBH which does not affect the UV boundary data at all,
but does change the IR side, namely such that:

heO, hel,

respectively, or vice versa. This kind of PBH'’s are briefly considered in appendix
A T2

Besides acting on the metric the change of coordinates also changes the form of
the scalars in our background. We focus on the UV asymptotic. So, for instance

the case of the dual to a A = 2 operator the transformation laws are:
0O = e, O 5 7O 4 e GO, (2.21)

Notice the source transforms covariantly, but not the v.e.v.. This asymptotic
action will be useful later on when solving the near to boundary equations of
motion.

As already mentioned, we assume smoothness of the scalar field configurations

in the IR. It is interesting however to explore an extra source of IR divergencies.

17



2. HOLOGRAPHIC ANOMALY MATCHING

The original 5D metric is assumed to be smooth and asymptotically AdS in the
IR limit, y — oo:

L2, dy* 1
ds?p = “IE 2 4 ~ 4O gardg”. 2.22
IR 4 y2 y 7 ( )
(0)

This AdS limit assumption implies that g., = 7,,. Non trivial space time de-
pendence for g sources an infinite tower of extra contributions that break AdS
limit in the IR. For instance, a Weyl shifted representative will alter the IR AdS
behaviour. The change is given by:

90 = e +ygDe g + vl e gV + v () [e gV log(y)) + ..,

in . Clearly AdS IR behaviour, y — o0, is broken in this case. This is related
with the fact that PBH diffeomorphisms are singular changes of coordinates in
the IR. These modes alter significantly the IR behaviour of the background metric.

Let us comment on a different approach that will be employed in the following
to study the effect of PBH diffeo’s on specific background solutions. Clearly
PBH diffeo’s map a solution of the EoM into another. By knowing the UV and
IR leading behaviours, one could then use near to boundary equations of motion
to reconstruct next to leading behaviour in both extrema of the flow. Namely we
can find the factors ¢®, g™ and h¥)’s in in terms of the Weyl shift of the
boundary metric e”¢(®). We can then evaluate the bulk and boundary GH terms
of the action with this near to boundary series expansion. Some information will
be unaccessible with this approach, concretely the finite part of the bulk term
remains unknown after use of this method. In appendix we compute
the divergent terms of the bulk term and find exact agreement with the results
posted in the next subsection. We will use this procedure to evaluate the GH

and counter-terms indeed.

2.1.3 Wess-Zumino Term

Given its indefinite y-integral S[y], the bulk action can be written as:

Spuik = Slyov] — Slyir]-

18



2.1 The holographic spurion

The divergent parts of the bulk action come from the asymptotic expansions of

the primitive S:

(0) (2)
S ~ /d% (;gﬂ + Zg—z +al) log(yuy) + 0(1)) , S~ Sig. (2.23)
uv

. . . (0) o 1
For a generic static RG flow solution apy 1 = 57— Loviin
(4

aU‘)// 1r> Will depend on the specific matter content of the bulk theory at hand.

. The factors ag‘)f IR and

As for our particular choice of A’s in the UV/IR, the ag‘)// 1 coefficients are
proportional to the 2D Ricci Scalar R of the boundary metric ¢(® and vanish for
the static case g,(f)V) = 1, (See equation 1) and ) However, a different
choice of matter content could provide a non trivial ag‘)/ IR [,,] dependence on the
parameters of the flow, so in order to keep the discussion as general as possible
until the very end of the section, we keep the static limit of both a%),/m as
arbitrary. As for the expansions of the primitive S in a generic static case, one

gets thence:

1 1 a%m,
Slyov] ~ / d4x( + W[””+a§?>v[nw]1og<yw>+0<1>>,

2Luy Yy Yyuv
(2.24)
4 11 dhw] |
Slyir] ~ [ d'x —— + ———— + ayp[nuw]log(yr) + O (1) | .
2Lrr Yin YIR
(2.25)

(4)

uv,ir

The terms a,, ,;.[7.] are the contributions to the Weyl anomaly coming from
the matter sector of the dual CFT, they must be proportional to the sources
of the dual operators. The order one contribution is completely arbitrary in
near to boundary analysis. Notice that we have freedom to add up an arbitrary,
independent of y functional, [d*z C, in the expansions. The difference of both
of these functionals carries all the physical meaning and it is undetermined by
the near to boundary analysis. To determine its dependence on the parameters
of the flow, full knowledge of the primitive S is needed.

Next we aim to compute the change of the bulk action introduced before,

under an active PBH diffeomorphism. The full action is invariant under (passive)
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2. HOLOGRAPHIC ANOMALY MATCHING

diffeomorphisms z# = f#(z’), under which, for example, the metric tensor changes

@) = (500 ) (55 ) o) (2.20

and similarly for other tensor fields. Here the transformed tensors are evaluated

as:

at the new coordinate z’. On the other hand by an active diffeomorphism, the

argument of a tensor field is kept fixed, i.e:

g(x) = ¢'(z). (2.27)

The infinitesimal version of this transformation above is given by the Lie-derivative
acting on ¢g. The difference between the two viewpoints becomes apparent on a
manifold M with boundaries. Let us take a manifold with two disconnected
boundaries to be time-like hypersurfaces. An integration of a scalar density over

this manifold is invariant in the following sense:

SIBuv, Bing] — / NI

Brr

f~Y(Buv)
- /f P2 /g (@)Ll (')

~1(Brr)

= S[f ' (Buv), [ '(Bir). 4, (2.28)

where the boundaries are denoted by Byy(rr). By f ~“}(Byy) we mean the shape
of the boundaries in the new coordinates #’ = f(x). On the other hand, under

an active transformation we have the change:
S[Buv, Bir, g1 = S[Buv. Bir, ¢']. (2.29)

By using (2.28)), the variation of the corresponding functional under an active

diffeomorphism can be written as:

AyS = S[Buyv,Bir, gl — S[Buv, Big, 9]
= S[f(Buv), f(Brr). 9] — S[Buv. Bir. gl, (2.30)

where in the last step we have used the invariance under the passive diffeomor-

phism induced by the inverse map f~!. Of course, if the maps f or f~! leave
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2.1 The holographic spurion

invariant the boundary conditions then the functional S is invariant even under
the active transformation induced by them.

From now on in this section we specialize to D = 5 with 2° = y. We take
as diffeomorphism the PBH diffeomorphism discussed earlier. The aim is to
compute the on-shell action of the PBH mode 7. From the last discussion it
follows that all needed is the on-shell action in terms of the original background,
namely the background before performing the PBH transformation, and a choice

of time-like boundary surfaces, which we take to be:
Y="Yuv, Y =YIr. (2.31)
Under a generic PBH GCT this region transforms into:
—00 <t, <00, Yip <Y<Yy (2.32)

with yJ;, and yjp given by the action (2.14) on yyv and y;p respectively. In
virtue of (2.30) we compute the transformed bulk action:

Yyuv
Slyov] — Slyr] = / d'z / dy/—gL
YIR
4 y[T]v T T
+ [t [ ayy=gL = iyl - S, (233)
Yir

where y7 is given in (2.14). Given the near to boundary expansion of the bulk

action for boundary metric ¢(® = n:

4 1 1 ag‘)/ (7] (4)
de = d*z + + aUv[rr],m/] log(yUV) + ..,

2Lyv yiy Yyuv

with cut off surface at y = yyy, we can then compute the leading terms in the
PBH transformed effective action by using (2.14)) and ({2.33)):

1 1 b3 (O1)2
/d4x2— — /d4x( 5 —2( (387—) )_
Yov Ruv RUv

(5) 4 (6) pv (3))2 4
2(5 (O7)* 4 68,700 Taﬂ)H((b )" (97) ))

3 1
RUv uv

1 L%, (0r)?* L}
4 uv uv 4 174
— /d x (Z%]V += -~ + 35 ((07)* + 20,70, 70"'7) >
1 L%, (07)* L}
4 uv Uv 440 2y ).
N /d x (Z?]V -+ L ooy + 39 (((97') 7(07) ) >

(2.34)
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2. HOLOGRAPHIC ANOMALY MATCHING

Similar contribution comes from the IR part of the primitive S. Should we
demand IR smoothness of every background field, the static coefficients a([%,% [N
and a% [1,] will vanish automatically (See last paragraph in appendix .

So finally, we get the following form for the regularized bulk action:

—27 L e T
Spes = / d%( L
bulk 2Luvyiy yuv (9r)

2 2
(L%]Vagj\)/[nlw] — L%Ra(ﬂ%[nlw]) (87‘)2—1-

8
(@ ] = ) + 5 (0r)! — 40707 ) ...

(2.35)

where Aa = ayy — ajp with ayy/ir = %. The ... stand for logarithmic
divergent terms that will be minimally subtracted. Notice that the gravitational
Wess-Zumino term comes out with a universal coefficient Aa, independent of the
interior properties of the flow geometry. Specific properties of the flow determine
the normalization of the kinetic term and the Wess-Zumino term corresponding
to the matter Weyl Anomaly. Next, we have to check whether this result still
holds after adding the GH term and performing the holographic renormalization.
So, from now on we restrict the discussion to the case of A = 2. The finite
Gibbons-Hawking contribution can be computed with the data given in appendix
[A.T.4.1] One verifies that the contributions of both boundaries are independent
of derivatives of 7. The difference Sgx|7y gives a finite contribution proportional
to [ d*z¢°¢® which after a PBH tranformation reduces to a potential term for
T.

Notice that this term vanishes for a v.e.v. driven flow, so in this case no
finite contribution at all arises. We will crosscheck this in the particular exam-
ple studied in the next sections. In the case of a source driven flow, the finite
contribution [ d*z¢°¢® give a potential term which is not Weyl invariant, as
one can notice from the transformation properties . In fact its infinitesimal
Weyl transformation generates an anomalous variation proportional to the source

3 ~
square 0T (SL%(QS(O))Z). From the passive point of view, the GH term presents

an anomaly contribution log(yyy ) (8 Lg?”’ (&(0))2) that after the cut off redefini-
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2.1 The holographic spurion

3 ~
tion originates a matter Wess-Zumino term [ d*z (“J(gb(o))Q) 7 (See equations

3
and (A.1g)).
Next, we analyse the counter-terms that are needed in order to renormalize
UV divergencies. Covariant counter-terms involve the boundary cosmological
constant and curvatures for ¢ and the boundary values of the scalar field,

namely v.e.v. and source:

1 1 R 2~ 4
4 _ 4 bR 2 4,
/d [Eﬁ = /d T+/9(0) (y?]V + - 12 + 3¢(0) + 3¢(0) + ) s
(2.36)
4 4 R R?
d' xRl = [ d'z\/g() = t143 ) (2.37)

/d%ﬁ@Q(x,yUV) = /d%m (6% +--) (2.38)

where ... stand for logarithmic dependences that at the very end will be min-
imally substracted. We take ¢g(*) to be conformally flat and then use the Weyl
transformation properties of the boundary invariants to compute the Weyl factor
dependence of counter-terms. The “volume” counter-term (2.36)) is used to renor-
malize the infinite volume term of an asymptotically AdS5 space. One then needs
to use the R-term to cancel the next to leading divergent term. In the process
one remains with a finite potential contribution that even for a v.e.v. driven flow
gives a non vanishing energy-momentum trace contribution. The usual procedure
[15, B5] is then to use the finite covariant counter-term to demand confor-
mal invariance in the renormalized theory, when the source is switched off. The

counter-term action satisfying this requirements is:
4 3 1 2
SCT = d Zl?ﬁ 5 — gR[”y] — 29 ’UV~
This action will provide an extra finite contribution to (2.35)) proportional to:

/ d*re > R*[e ™) ~ / d'z (Or — (07)?)*.
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Finally the renormalized action takes the form:

Sh-? = SR 4SS+ Sor

ren reg
3 ~
= /d4x <—16 §UV Gy T + % ((0r)* — 407 (07)?)

+8(0r - (07)%) +0(1) + 0 (8") ).

We should notice that no second derivative term, (97)?, is present in this partic-
ular case, just as in the similar discussion of [22]. However, there is a source of
higher derivative terms: due to the fact that the PBH diffeomorphism used is
singular in the IR. In fact, the higher orders in derivatives come with the higher
order IR singularities. So, the higher derivative terms are counted by powers of
the IR cut off. We do not address here the issue of renormalizing these terms. The
main idea here was to show the presence of a Wess-Zumino term compensating
the anomaly difference between fixed points. The term O(1) stands for possible
finite contributions (4D cosmological constants) in the static on shell action plus
GH term and CT. As for the GH term this contribution vanishes for v.e.v. driven

flows.
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2.2 RG flow in N =4 3D gauged supergravity

2.2 RG flow in N =4 3D gauged supergravity

In this section we consider a particular, explicit and analytic example of a Holo-
graphic RG flow in 3D gauged supergravity. The reason to analyse this particular
example is twofold: first, it is relatively simple and analytic, and, second, it is
completely smooth, even in the infrared region. Indeed smoothness will be our
guiding principle in deforming the background geometry in the way we will detail
in this section. We will promote some integration constants (moduli) present in
the flow solution to space-time dependent fields and identify among them the one
which corresponds to a specific field in the boundary CFT. To get still a solution
of the equations of motion we will have to change the background to take into
account the back reaction of space-time derivatives acting on the moduli fields.
This will be done in a perturbative expansion in the number of space-time deriva-
tives. The starting point is one of the explicit examples of RG flows studied in
[23], where domain wall solutions in N = 4 3D gauged supergravity were found.
These solutions are obtained by analyzing first order BPS conditions and respect
1/2 of the bulk supersymmetry. They describe holographic RG flows between
(4,0) dual SCFT’s. It turns out that the solution we will be considering admits
a consistent lift to 6D supergravity, which will be reviewed and used in the next
section. In this section the analysis will be purely three-dimensional.

We start by writing the action and equations of motion for the three dimen-
sional theory at hand. In this case the spectrum reduces to the metric g, and a
pair of scalars A and ¢, which are left over after truncating the original scalar

manifold. The action is:

_3
1

Sgg(ggars = /dS‘%\/ -9 (_

with potential for the scalar fields given by:

26 (A2 2_ —3¢2 2
Vo=l <2e (A (g2A(ng((Aé_li)’>3)+4g1) 3¢7)+47) +4C%> ' (2.40)

The corresponding set of equations of motion is then given by:
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%D¢ —0;V(A,¢) =0, (2.41)
3 1 » B
5\/—_96“((1 _ Az)zg 0, A) — 04V (A,9) =0, (2.42)
1 3 9,49,A 1
4y (1M_—A2)2 = 199000 = guV(A,¢) =0. (2.43)

2.2.1 The domain wall solution and its moduli

In this subsection we review the domain wall solution describing the RG flow on
the dual CFT and identify its moduli. Let us choose coordinates ¥ = ¢, z,r and

the 2D (t, z)-Poincaré invariant domain wall ansatz for the line element:
ds* = dr® + Oy, da" da (2.44)

and the scalar field profiles Ag(r) and ¢p(r).

The equations of motion reduce then to the following set:

/"
flos + %B —0y,V =0, (2.45)
A A/Z
3AY + 6ALf + 6(113—Af§) —2(1—A%)% 04,V =0, (2.46)
B
" 12 /2 3*’4/3g
27+ 2f +¢B+ﬁ—|—4v =0, (2.47)
(A% —1)

where the primes denote derivative with respect to r. It is then straightforward

to show that the following field configuration:

2 g3 p?
201 <92 B (p+zl/(r))2>

e?B(r)  — ‘
021 — Ap(r)? (2.48)

Do B Lo (B0t y(r) — gl
ao0) = Sy =y () e

with y(r) = €297 is the most general solution of (2.45)),(2.42)), (2.41), provided:

= 2 - . (2.50)
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2.2 RG flow in N =4 3D gauged supergravity

We can solve this equation explicitly for r(F):

201 <F(9§_9%>—2(€2?gp1w+§91 log(62F91 +p)>

9193

r(F) = + (2.51)

Notice the presence of three moduli 7, s,, p. The first one corresponds to a
freedom in shifting the radial coordinate by a constant amount 7, r — r + 7.
This mode is a PBH rigid diffeomorphism in the domain wall coordinates. As
mentioned a rigid PBH in domain wall coordinates becomes a warped one in the
Fefferman-Graham coordinates. The second modulus s, can be identified with
a rigid conformal transformation in the boundary coordinates (¢,x). The third
modulus p is an internal mode respecting the boundary conditions for the metric
in both UV and IR limits but changing the scalar modes and it corresponds to
a normalisable zero mode. In the next section we will see this mode is basically
the instanton size modulus in the 6D description of the RG flow. But can be
also thought of as a linear combination of a PBH and s, mode. In order to have
a flavor of the properties of the flow geometry it is useful to make a change of

2g1F(r)

coordinates, from (¢,x,r) to (t,z,y) with y = e . In these coordinates the

metric becomes:

g2 - (Butr’-aie?) [2(d3(ute)*—air?)
2v+e)? 91952 (y+p)?

dy?* + e*vy (dx? — dt2)> . (2.52)

This geometry approaches AdSs in both the UV(y — oo) and the IR (y — 0)
limits, with corresponding radii:

Lin _ (gt —93)* _

4 9192 4 g

These radii determine the central charges of the (4,0) CFT’s at the fixed points,

through the expression ¢ = 3L/2Gy, G being the 3D Newton’s constant D
Additionally the limit:

(2.53)

go — o0 with ¢; fixed, (2.54)

2
recovers AdS3 space with radius L given by LT? = ;—}1. An additional transforma-
1

tion in the boundary metric is needed to keep it finite in the limit, n — g%n. The
2

'In our conventions G y=4.
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scalar fields go in the UV and IR to different fixed points (extrema) of the poten-
tial V(A, ¢). In particular, in the UV, A — 0 and ¢ — log (29%) Expanding the
potential (2.40) around the extremum we find out the masses of the bulk fields
A(r), ¢(r) at the UV fixed point:

h%g} 8

2 2
=0 d = = —. 2.55
m5 and my 2 20 ( )

The allowed conformal dimension of the corresponding dual boundary operators

are:
Agy =2, A4 =0 and Ay =4, (2.56)

respectively. By looking at ([2.48]) we can read off their asymptotic expansions
near the UV boundary (y — 00):

2 2
gip g1 p

0A(y) ~ == and d¢p(y) ~ ——=—. 2.57

) g2y ®) 293y (257)

These are “normalisable” excitations, and in the standard quantization, which
adopts A = A, | they would correspond to a vacuum state in the dual CFT, where
the dual operators O4 and Oy acquire a v.e.v.. This clashes with the fact that in
D = 2 we cannot have spontaneous breaking of conformal invariance ﬂ Notice
that the problem arises also in the well known case of the D1-D5 system in I1B,
when one deforms the AdS; x S® background by going to multi-center geometries.
Most probably this is a feature of the supergravity approximation, or dually, of
the leading large-N expansion on the CFT side. It would be interesting to see
how the picture is modified in going beyond the supergravity approximation, as
discussed, in a different context, in [57].
At the IR region,

2

A(y) ~ —:Z—;% and do(y) ~ —929_1 92%. (2.58)
1792

In particular, the background is completely smooth. Now we notice a property
of the metric (2.52)) : the UV/IR AdS limits of the geometry are independent

1On the other hand, the “alternate” quantization [56] would interpret this background as

a source term for the A_ = 0 operator O4. However, this interpretation clashes with the
standard axioms of 2D CFT.
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2.2 RG flow in N =4 3D gauged supergravity

of p, and, as mentioned earlier, this modulus corresponds to a normalisable zero
mode.

It is instructive to look at how can be represented a PBH diffeomorphism
zero-mode of the form y — e??PBHy in terms of the moduli appearing in the
background geometry: it amounts to take the combined set of transformations
p — pe*?Pi and s, — sp + oppy. Conversely, the p modulus can be thought
of as a combination of a PBH mode mentioned before plus a suitable choice of
sp such that the boundary metric remains unchanged. We should stress that the
PBH zero-modes 7 and opgy aren’t precisely the same. The difference will come
about in the next subsection. But we can already say that there is a choice of
7 and s, for fixed p = 1 that preserves normalisability. We can explore then
two possibilities, either we analyse the combined pair of moduli (7, s,),=1 or the
single modulus p. In the next subsection we analyse both cases. We will also

check the geometrical procedure discussed in section [2.1.3|

2.2.2 Fluctuations analysis

In this subsection we are going to analyse a deformation of the background ge-
ometry which arises when one gives a non trivial (¢, z) dependence to some of
the moduli introduced in the previous subsection. Specifically, we will promote
the integration constants s, and 7 to functions of ¢ and x, s,(¢,x) and 7(¢,x).
In doing so, of course, we have to take into account the back reaction due to
the (t,z) derivatives acting on these fields. The equations of motion will involve
therefore inhomogeneous terms containing derivatives of s,(¢,x) and 7(¢,z). We
will work in a perturbative expansion in the number of ¢ and x derivatives. For
that purpose it is convenient to introduce a counting parameter ¢, whose powers
count the number of ¢,z derivatives. As for the metric, we keep the axial gauge

condition and therefore start with the expression:
ds® = dr® + (e nu + ¢°9%) ) da'da” (2.59)

where 2o =t and xy = z, and u, v =0, 1.
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2. HOLOGRAPHIC ANOMALY MATCHING

For the background deformations, at second order in (t,z) derivatives, we

adopt the following ansatz for the scalar fields:

A = Ap+¢2A2,
¢ = op+q 0%, (2.60)

whereas for the metric components:

g = = (gP +T), g2 = X (g? -1, (2.61)

(2)

) — e glg). The homogeneous part of the equations of motion

and we redefine g
will involve an ordinary linear differential operator in the r variable acting on the
fluctuations and this will be sourced by an inhomogeneous term involving two t, z
derivatives acting on s, and 7, which represents the moduli back reaction to the
original background. Now we have five unknown functions and eight equations,
(2.41), (2.42)), (2.43)), so that we need to reduce the number of independent equa-

tions. It is a long but straightforward procedure to find out the general solutions

to the system. We are going to sketch the procedure we followed to solve them.
Details are given in appendices. Specifically the equations of motions at order ¢?
are given in appendix [A.2.1]

A change of coordinates is useful to render the system of partial differen-
tial equations simpler. We perform a change from the domain wall coordinates
(t,z,r) to the Poincaré like coordinates (¢, z, y) already introduced in the previous

subsections:
y — 62g1F(7’(t,x)7’F)’ (262)

where,

9193 (6291F + 1)2

201 (g (27 + 1) - g3)

0. F = 0. (2.63)

Notice that if we are using a non fluctuating cut off surface r = ryy in the original
coordinates, in the new coordinates the same surface will be fluctuating at a pace

dictated by 7(t,z). We can however use a different choice of coordinates:

y = 20 FOn) (2.64)
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2.2 RG flow in N =4 3D gauged supergravity

It is then easy to show based on (2.51)), that cut off shapes in the y-system and

y-system are related as follows:

2
91

yuv — e Yuv, Yir — e1(o-st) YIR- (2.65)

The set of equations, (2.41)), (2.42)), (2.43]) provides a system of second or-

der differential equations for the fluctuations in terms of the inhomogeneities

produced by derivatives acting on s,(¢,x) and 7(¢,x). We are going to denote
the five Einstein equations by (t,t), (z,z), (t,x), (r,7), (t,7), (x,r), with
obvious meaning. Equations (¢,t), (z,x) and (r,r) form a set of second order
equations in the 7n-trace part of the metric parametrized by ¢® (¢, z,r) and the
traceless part parametrized by T'(t,z,r), together with the scalar fluctuations,
which only appear up to first order in radial derivatives. It turns out that the
combination (¢,t) — (x,x) gives an equation for the trace part and scalar fluctua-
tions, but the traceless part decouples in the combination (¢,t) + (x,z). Namely

it gives the equation:

2e7*72g7 (g7 +395(1 + %)) ((077)* + (927)?)
yO>T + 20,T + z =0, 2.66
Y ! (97 — g3 (y? + 1)) (2.66)
whose general solution is:
T = Cy(t, x) — 1(72(t z) + i e > ((0,7)% + (8,7)%) , (2.67)
Ty T gy (g3(y+1)2 - g) ’

where C'3 and (5 are integration constants promoted to be arbitrary functions of
t and x. Let’s focus then on the set of equations (¢,¢) — (z,2) and (r,r). This is
a coupled system for the trace part and the scalars which can be solved in many

different ways, here we present one. First of all (r,7) can be integrated to get:

1
Oyg® = Ry oy A® + R 0¥ + G, (2.68)
y
where,
o 6gig(y+1)° (2) 291

_ | _ . (269
% (g = g3y +1)2) T (y+1) (g3(y + 1) — g7) 209

with an integration constant Cs. Then, one can notice that Eq. (¢,t) — (z,z)

only contains derivatives of the trace part of the metric fluctuations, so we can
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2. HOLOGRAPHIC ANOMALY MATCHING

use ([2.68) and its derivative to eliminate this function. The remaining equation

will contain the scalar fluctuations up to first order in “radial” derivatives:

_ (2)
96? = R 0 0,A® +RD 67 + R, AP
(4) 2o ) 2 p6) -2
+Ry 4 (Cs = 9192D )+ By 4 (07)" + Ry e "7 Ly,

(2.70)

Under the conditions already found the remaining equations (2.41)), (2.42))
reduce to the final algebraic equation for ¢ in terms of y-derivatives of A® up
to second order. By solving it and plugging the result in (2.70) we obtain the

third order differential equation:
©) (0) —2s,
9P A + R 924@ 1 R 9 A® 4 RU) AP = =20, (2.71)
where the inhomogeneous part takes the form:
F=FYC 4+ FP0s, + FOOr + FY(ar)% (2.72)

(%)
The R,

given in the appendix|A.2.2)). We solve this equation by Green’s function method

(See appendix |A.2.3)).

The (t,z) equation:

, and F® are rational functions in the radial coordinate y (they are

dgie=** (3g3(y +1)* + g7)

2
02912 = —=0,9%2) + e 200,70, T, 2.73
vt y y(g3(y+1)? —g7)? t 27
can be solved to get:
Cs(t 202
gt(i) = —M + C7(t,x) — 91 e~ 200,10, T. (2.74)

93y (g3 (y +1)2 — g7)

As for the mixed equations, (t,r) and (z,7), they involve odd number of
(t,x) derivatives and one needs to go to third order, were in fact they reduce to
differential constraints for the integration constants Cy, C5 and Cg sourced by
second derivatives of the moduli 7 and s,. Before solving for these constraint
equations it is convenient to analyse the constraints that IR regularity imposes

on the modulus Cs.
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2.2 RG flow in N =4 3D gauged supergravity

At this point we should comment about an important issue. We have nine
integration functions C;(¢, x) and our general on shell fluctuations develop gener-
ically infrared singularities and/or UV non-normalisability, in the latter case rep-
resenting source terms on the dual CFT. We have two ways to deal with possible
IR divergencies in our deformed background geometry: we could allow infrared
singularities of the geometry and setup a cut off at the IR side, or demand IR-
smoothness. This latter will spoil full normalisability of all fluctuations, as we
will see. This is something perhaps we could allow because at ¢° order the mod-
ulus which could be associated to the “dilaton” is still a normalisable bulk mode.
The first option will guarantee full normalisability to order ¢?, but will require
the presence of an IR Gibbons Hawking (GH) term (2.93). In any case we will
see that the GH term will give no contribution to the boundary effective action
of the moduli. In this chapter we take the first point of view and demand full
smoothness of the deformed geometry. By demanding regularity at the IR side
for matter fluctuations A® and ¢ we get the following set of relations for the

integration functions:

9 4c2 (g2 — g2
Cs(t,x) = e W P M A 24 (9 g2)e’2S”Ds , (2.75)
2,2 4 4 p
9192 9192
9 5 2 9 4 _ 17 2.2 8 4
Cw(t,l’) — ﬂe—QsP(aT)Z - Cl( 91 9291 + 92)6—2Sp|:|8 ) (276)
4 9 2 11 p
92 9192

At this point we could solve the (¢,7) and (z,r) fluctuation equations for the

moduli:

20,2 2
e2rCy(t,z) = 4ci (91 — 93) ((8t8p)2 _ 8t25p)

9195
4cy 1 2¢y
———=0,5,0,7 — —(0,7)* + 5507+ (0, — 0,),
22 00T~ @O+ 0T+ (0 = Or)
(2.77)
8¢2 (a2 — o2
e*rC(t,x) = _a\ %) <gi - gz)(&spaxsp — 0}.5p)
9192
4c 2
+g% 15 (atspazT + axspatT — 8152337') + g—%<8t7'a$7').
(2.78)
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2. HOLOGRAPHIC ANOMALY MATCHING

According to the AdS/CFT dictionary, a state in the boundary CFT should corre-
spond to a normalisable bulk mode, whereas non normalisable modes correspond
to source deformations of the CFT. In our case, the UV boundary metric in

2
g
the Fefferman-Graham gauge looks like 625”+5T77. So, assuming the “standard”
quantization, if we do not want to turn on sources for the trace of the boundary

energy momentum tensor we need to take:

201

T=——
2
g1

Sp. (2.79)

This is not the case in the IR boundary where the induced metric picks up a
shifting factor that we can not avoid by staying in the axial gauge (g, = 1). By
requiring not to turn on sources, even at second order in the derivative expansion

for other components of the UV boundary CFT stress tensor, we see that:
C3(t,l‘) = 0, O4(t, ZL‘) = 07 C7(t, l’) =0. (280)

At this point of the nine integration constants at our disposal, after requiring
regularity and normalisability of the metric fluctuations, two are left over, Cs
and Cy. Together with 7 they determine the CFT sources inside the matter
fluctuations ¢ and A®. This remaining freedom can be used just to require
normalisability of either ¢® or A®) but not both of them. From here onwards
we choose to make ¢ normalisable but for our purposes the two choices are

equivalent. Finally we get:

-3 7 13 2.5 —4 4 3
Colt,z) = 4Cg(t,x)—i—( g1 + 199597 9297) —2sp<a7_>2

93 ‘
2¢1 (2791 — 1449397 + 1399201 + 239597 — 1263) o,
99795 "
(2.81)

This choice turns on a source for the CFT operator dual to A. Indeed the UV
expansion for A-fluctuation reads:
2c2

AQ) o
39793

e % (Os,) . (2.82)

To summarize, requiring IR regularity forces us to turn on a source term for
one of the scalar fields. Notice that under the condition (2.79)) the traceless and
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2.2 RG flow in N =4 3D gauged supergravity

off-diagonal modes 7" and ¢® are IR divergent. They go as i in the IR limit.

Nevertheless the IR limit of the metric is not divergent because of the extra warp
factor, which is proportional to y. Notice that The AdS IR limit is in fact broken
by ¢? order fluctuations, as already argued in section

2.2.3 Evaluating the on-shell action

The regularized boundary Lagrangian coming from the bulk part is obtained by
performing the integral over the radial coordinate with IR and UV cut-offs y;z ,

Yyuv respectively:
bulk Yyuv
Lyp" = / dy Lsp. (2.83)
YIRrR

First we present the result for the presence of both the moduli s, and 7. We can

write down the 3D lagrangian as:

Lsp = 19+ 1002 +1907r +190s,
+ 9, (z<4>ayg§f) +1OgP 1A 4 z<7>¢<2>)) . (2.84)

After integration and evaluation at the cut off surfaces we arrive to a boundary

regularized action:

bulk __ g%g% 2sp(t,x) uv
dtde Ly = dtdx g Yl

&1

4

g1 2 1 C1

————(07)" + <—DT + —0Us ) log yuv
8c1 (g7 — 93)( ) 4 297 "

1 c1(g3 — g7) ) vV
— _|:|7'—|——|:]8 IOgyIR—i- e+ Lhom )
(4 29%93 D [ ]IR
(2.85)

where the ... stand for infinitesimal contributions and a total derivative term
~ 9 s + log ( — g_%) Or
295 " g9 ’
which is irrelevant for our conclusions. Notice that the logarithmic divergent

part is a total derivative, as it should be. Moreover the coefficient in front of it is

proportional to the difference of central charges at the UV and IR fixed points.
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2. HOLOGRAPHIC ANOMALY MATCHING

The contribution of the homogeneous part of the solutions to the on-shell bulk

action can be written as:
Lhom = <l(4)8yg§f) 1O g2 L 1® A 4 l<7>¢<2>> . (2.86)

As we will show in a while, this contribution does not affect the finite value of
the moduli 7 and s, effective action at all! In next section we will see this will
not be the case if we work in Fefferman-Graham gauge since the beginning. In
that case, the solution of homogeneous equations do affect the final result but
upon regularity conditions the contributions are total derivatives of the moduli
and hence irrelevant. The explanation in this mismatch comes from the fact that
the coordinate transformation from one gauge to the other is singular at ¢? order.
After using (2.68)) on ([2.86]) we get:

Liom = (199 + (1410 < R ) 4D + (10 410 B ) )
(2.87)

Now, we asymptotically expand Lj,,,. For this we need to use the most general

form of the solutions to gg ), A® and ¢®). After a straightforward computation

one gets:
L 992 20 Oy (1, 7) + O (L 2.88
hom m g Cs(t, x) + wov ) (2.88)
2.2
Lom m %62%05(15, il') +0 (yIR) . (289>

The only integration constant entering the boundary data is given by Cs(t, z).

Yyuv
YIR

and 7 coming from the bulk action is independent of all the integration constants,

However [Lpom]2”" vanishes, and the boundary effective action for the moduli s,
namely, any particular solution of the inhomogeneous system of differential equa-
tions gives the same final result, so far. We say so far, because still we have not
commented about the GH and CT contributions. This is an interesting outcome,
since the result holds independently of the IR regularity and normalisability con-
ditions imposed on the fluctuations discussed earlier. The GH term will not
affect this observation, but the CT contribution does it. In any case, we choose

integration constants in order to satisfy our cardinal principle: IR regularity.
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2.2 RG flow in N =4 3D gauged supergravity

2.2.4 Gibbons-Hawking contribution

Let us discuss now the GH contribution. In the domain wall coordinates, (2.113)),

it reads:

1 |
5 / dtdwL§) = - / dtdar/G70, <\/_g”\/—det g> lboundarys (2.90)

where so far g.. = 1, but for later purposes it is convenient to write the most
general form above. In the (¢, x,y) coordinates and after using ([2.68)) it is simple
to show that:

LGl — (_g%giy (92(y +1)° + gi(y — 1))
i der(y + 1) (5(y + 1) — g7)

The UV and IR asymptotic expansions are thence given by:

625p - 2Lhom) |boundarya (29]—)

GH 9%95 2 1

L y — Sp +0(—), 2.92

2Dy 4¢q © v (?JUV) (2:92)
9395

LY ——— =22y + O (y7g) - (2.93)

Y—YIR 401

Even though we are not taking the approach of cutting off the geometry in the IR
side, we present the IR behaviour of GH term just for completeness of analysis.
An important point to stress on is that there is not finite contribution coming
from them and again one should notice the independence of the final result on

the integration constants, as previously mentioned.

Regularized Action At this point we can write down the regularized La-
grangian for the “normalisable” modulus s,. We first make the change to the
Fefferman-Graham gauge at ¢ order, y — ¢, make use of the normalisability

condition ([2.79) and the final result becomes:

535; = /dtdx (@gUV - C—IQDSP log yrr + 1%(8819)2 + > , (2.94)
8c1 293 2 (g2 — 91)

where the ... stand for subleading contributions in terms of the cutoffs and finite
total derivative terms. Notice that there is no logarithmic divergence at the UV
cutoff. This is because this modulus is not affecting the UV boundary metric.
On the other hand the IR side does have a logarithmic divergent factor, which

however is a total derivative.
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2. HOLOGRAPHIC ANOMALY MATCHING

Now, we discuss possible contributions coming from covariant counterterms.
Let us start by gravitational countertems. In the asymptotically AdS3; geometries

the leading divergence in the on-shell action is renormalized by using the covariant

term
2 2 9§~ ¢ 20 1
/d xy/— det ¥|pary = /d T oy + =5 (—2Dsp + DT) + 0 (~—) .
2 91 \ 91 Yov
Other possible counterterms are:
1 /2 1
/dtdiC\/—_’}/R@D) h/”bdry = (%Dsp + DT) + 0 (~_> >
€1 \ 91 Yuv
(2.95)
9 20% 9 1
dtdm\/ _'7(514) |bd7“y - _TDSIJ’ dtdm\/ _’7(5¢) |bdry =0 =3 |>
39193 uv
(2.96)

where dA, d¢ denote the fluctuations around the UV stationary point of the
potential. Notice that after imposing the normalisability condition the
finite contributions of this counterterm disappear except for the d A fluctuation
which is a total derivative contribution. The remaining IR logarithmic divergence

is minimally subtracted. Finally the renormalized action takes the form:

20— / dtda <%(g;+g%,)(asp)2 +0 (84)> : (2.97)

The coefficient in front of this action is not the difference of central charges of the
UV/IR fixed points. Although we can always rescale the field, this mismatch is
unpleasant, because a rigid shifting in the spurion mode 7 (not on s,,) rescales the
CFT metric (UV side) in accordance with the normalization used in [5], and the
mode s, only contributes through total derivatives to the boundary Lagrangian.
So, the QFT side is saying that once fixed the proper normalization, the corre-
sponding coefficient of the kinetic term of the spurion should coincide with the
difference of central charges. This, points towards the conclusion that the mod-
ulus 7 seems not to be the optimal description for the QFT spurion. In fact the
PBH modulus 7 looks like a warped PBH in the Fefferman-Graham gauge, see
A.1.2| so the outcome of the 2D version of the computation done in section [2.1.3

will change. We will show the result in the next subsection.
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2.2 RG flow in N =4 3D gauged supergravity

The appropriate description of the spurion from the bulk side seems to be
associated to a rigid PBH in Fefferman-Graham gauge. As we already said
the modulus p could be seen as a combination of a PBH of that kind and the
mode s,. So, following our line of reasoning p seems to be the most natural bulk
description of the dilaton. In fact in the 6D analysis to be discussed in section 4

this identification will become even more natural.

2.2.5 Checking the PBH procedure.

There is an equivalent way to arrive to . We present it here because it gives
a check of the procedure we used to compute the spurion effective action in a
4D RG flow. As was already noticed the modulus 7 can be related to a family
of diffeomorphisms. To check the procedure we take as starting point the bulk

on-shell action of the modulus s, without turning on 7:

2.2
bulk 9192 2s,(tz), |UV | G
/dtdﬁL‘LQD = /dtdl‘(8—01€ p( )y‘IR +2—g%|:|8p10gy[]v

2 2
—%D% l0gyrr + ... + Lj50 IURV) (2.98)
and perform the UV and IR asymptotic expansions of the corresponding PBH
transformation keeping only terms up to second order in derivatives. The
result coincides with . Notice that the PBH transformations do not affect
the boundary conditions of the matter field , provided we take the restriction
. So all the IR constraints and normalisability conditions we imposed before
will still hold in this second approach provided they were imposed at 7 = 0.

Finally, after applying the same previous procedure to the GH term and to the
counterterms, namely transforming the metric (2.113]) at vanishing 7-modulus,

gives (2.92)) and ([2.95) respectively.

2.2.6 The p-branch analysis

We can repeat the same computations done before but using the p modulus

instead of the pair (7,s,). The trace and off-diagonal modes T" and gg) can be
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solved from the decoupled equations (t,t) + (z,x) and (¢, z) to be:

1 2
T = Cs(t,x)— -Coft,z) + ! (8ip)” + (02p)?)
y 9395y (63 (y + p)* — g3p?) (@ )
(2.99)
(2) C@(t,l') 20?
LR UL oY o
gt y () P2y (R +p)? — g2p?)
(2.100)

In the same manner, we can then solve for all fluctuations in terms of A® by

integrating the (t,t) — (z,x) and (r,r) equations:

1
8yg(2) = Ré) A —+ Ra g<2)¢ _2057 (2101>
_ p )
0,0 = R, 02054 ® + Ra 9 @®? + R6y¢<2>A(2) +
Ré 2>C5 + Ré )¢(2) Up + Ra b2 (8/))2,
(2.102)
with:
RV _ _ 691gip(p+y)? ) 210 (2.103)
%0 " (@Bly+p)? — gt T T (p+y) (Bly + p)? — g

which is also found to obey a third order linear differential equation of the form:

DA + RY) 924 1+ R 9,A® 4 RU) AP = F,, (2.104)

A2) A(2) A2)

where
F, = F'(y)3p+ FP(y)(0p)* + FP (y)C5(t, o). (2.105)

The rational functions F"), F®) and F® are given in the second paragraph of ap-
pendix We solve this equation by the Green’s function method (see second
paragraph appendix . As for the case before, we use the nine integration
constants to demand IR regularity and as much normalisability as possible. In
this case we are able to turn off UV sources except for one of the two correspond-
ing to A = 2 and A = 4 CFT operators. We choose to allow a non vanishing
source of the A scalar field, namely at the UV boundary, y = yyv:
A@ d (0p)* — pUp
39795 P

(2.106)
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2.2 RG flow in N =4 3D gauged supergravity

We compute then the full renormalized boundary action
Sren = Spuk + Sau + Scr-

The result up to total derivatives and without ambiguity in renormalization (as

for the previous case) is:

Spen = /dtd:r; (% (9s)> + O (84)) : (2.107)

g3

where s = log(p). Notice that the coefficient in front of this kinetic term is
proportional to the difference of holographic central charges among the interpo-
lating fixed points, which in 2D can be identified with the difference of AdSs radii
AL = %. Notice that we have a freedom in normalization of s. We have chosen
the normalization to agree with [4, [5]. Namely, the associated PBH diffeo shifts
the UV/IR metric from 75 to e 2°PEHy.  As we mentioned the p modulus is a
combination of a PBH mode with s,. So we can again check the procedure used
in section [2.1.3| via (2.107)).

We can see the rigid p modulus as a combination of a PBH mode y — €778y

and the s, = —oppy mode. This last constraint guarantees not to turn on sources
for the CFT’s energy momentum tensor (nor for the hypothetical IR one). To
obtain the bulk contribution we perform the PBH transformation (A.7)-(A.8),
on the on-shell action with only s, turned on . Before performing the PBH
transformation, explicit solutions in terms of s, are demanded to be IR regular
and as normalisable as possible. As usual, we choose to let on the source of the
dimension A = 2 CFT operator, which we can read from . As in previous
cases. The GH and Counterterms (CT) contributions are evaluated by explicit
use of the transformed metric and fields. The GH term does not contribute to
the final result for the regularized action at all. As for the CT’s, they contribute
with total derivatives to the final result of the effective action which, under the
identification opgy = s, coincides with .

A last comment about the relation between bulk normalisability and the iden-
tification of as quantum effective action for s: Notice that demanding

normalisability of the mode s amounts to impose the on-shell condition

s =0,
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in both equations and . This is in agreement with holographic com-
putations of hadron masses, where normalisability gives rise to the discreteness of
the spectrum and indeed puts on-shell the states corresponding to the hadronsﬂ.
On the other hand, the on shell supergravity action, as already mentioned in the
paragraph below , is independent of A®). Also, as shown in , the con-
tributions coming from counter terms which depend on A® give contributions
that are linear in the source for the operator dual to A, at order ¢?, but at the
end, these contributions reduce to total derivatives in . Notice that no
other sources, apart from the one corresponding to the operator dual to A are
turned on. Therefore has no source dependence and can be interpreted

as the (off-shell) effective action for the massless mode s.

2.3 6D Analysis

Six dimensional supergravity coupled to one anti-self dual tensor multiplet, an
SU(2) Yang-Mills vector multiplet and one hypermultiplet is a particular case of
the general N = 1 6D supergravity constructed in [25] and admits a supersym-
metric action. The bosonic equations of motion for the graviton g,;x, third rank

anti-symmetric tensor G,y p, the scalar § and the SU(2) gauge fields A}, are:

1 1

1
Ryn — §gMNR - 5620 (3G3MPQG3NPQ - §gMNG3PQRG3PQR)

1 1
~0n00™M0 + Sgun0p0070 — ¢ (2FyT Fip — SgunFpoF'™?) =

1 1
e 'O (eg™N on0) — 5649}7]{41\7FIMN _ 5620G3MNPG3MNP _

0

(

0

(

Dy (e’ FIMNY 4 e GMNPRL = 0,
(

Dy(ee®GMNPYy = ¢

(

'We would like to thank a referee from JHEP for pointing out this analogy.
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The three-form (7 is the field strength of the two form By modified by the Chern-
Simons three-form, Gy = dBy+tr(FA—2A?), with the SU(2) gauge field strength
F = dA + A% As a result there is the modified Bianchi identity for the 3-form:

dGs = trF A F. (2.112)

We are going to consider all the fields depending on coordinates u, v and r where
u and v are light-cone coordinates given by u =t +x, v =t —x, and r is a radial

coordinate. For the metric we take the following SO(4) invariant ansatz:
dsg = € (guudu® + gpodv® + 2g,,dudv) + e (dr® + r*dQ?), (2.113)

where dQ? is the SO(4) invariant metric on S

AV = d¢® + sin®(¢) (dip® + sin®()dx?) (2.114)

and f, guu, Guv, gou are functions of (u,v,r), from now on we will not show this
dependence. As for the SU(2) one-form A, we take it to be non trivial only along
S3 preserving a SU(2) subgroup of SO(4),

3
A= @'sZakwk, (2.115)

k=1

k

where o are Pauli matrices and w” left-invariant one-forms on S, and s is a

function of (u,v,r). For the three-form Gj, we take it to be non trivial only

along u,v,r and along S3,
Gy = GVdu A dv Adr + G sin®(¢) sin(e)de A dip A dy, (2.116)

where the functions Gém) only depend on (u,v,r) . Finally we will have a non

trivial scalar field 0(u,v,r).

2.3.1 Deforming the RG flow background

The aim of this section is to look for a solution of the above equations of motion
which deforms the RG flow solution of [23], with the appropriate boundary condi-

tions to be specified in due course (in order to demand IR regularity). To be more
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2. HOLOGRAPHIC ANOMALY MATCHING

specific, this background is actually BPS. It preserves half of the 8 supercharges
and interpolates between two AdSs x S3 geometries for r — oo, the UV region,
and 7 — 0, the IR region, with different S® and AdSs radii. It describes a naively
speaking, v.e.v. driven RG flow between two (4,0) SCFT’s living at the corre-
sponding AdS boundaries parametrized by the coordinates u,v. The solution
involves an SU(2) instanton centered at the origin of the R? with coordinates r,
¢, 1, x, corresponding to s = p*/(r? 4+ p?). The scale modulus p enters also in
the other field configurations, as will be shown shortly. Our strategy here is to
promote p to a function of u,v, p = p(u,v). So, the starting point will be given

by the field configurations:

g = g% =0, i) = -1/2,
sO = g/ + %),

1 c d 1
fO = —qlogl 5 (5 + 50.(r*0,log(r* + p))),

Notice that s goes like p?/r2 in the UV. As for the three-form, it turns out that
the following expressions for Gél) and ng) solve identically the Bianchi identity

and equations of motion:

Gél) = M/ _detg 0/7"3,

GY = —(4+d+45*(-3+2s)), (2.118)

where det(g) = —guugoo+92, and f, 6 and s are functions of (u,v,r). As explained
in [23] [58], the positive constants ¢ and d are essentially electric and magnetic

charges, respectively, of the dyonic strings of 6D supergravity. More precisely we

have:
O = L e %G =c/4
! 877'2 93 ’
1
Y5 S3

where we see that the instanton contributes to ()5 with one unit as a consequence
of the modified Bianchi identity (2.112)). The constants ¢ and d determine the
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2.3 6D Analysis

central charges of the UV and IR CFT’s, respectively: cyy = ¢(4 +d), ¢;p = cd
[23].

These fields solve the equations of motion only if p is constant (apart from
G:(,)M) which solve them identically). We will then deform the above background
to compensate for the back reaction due to the u, v dependence of p. In this way
one can set up a perturbative expansion in the number of u,v derivatives. For
the purpose of analyzing the equations of motion keeping track of the derivative
expansion, again it is convenient to assign a counting parameter g for each wu, v
derivative. The first non-trivial corrections to the above background will involve
two wu, v-derivatives of p(u,v). i.e. terms that are linear in two derivatives of
p(u, v) or quadratic in its first derivatives. From now on we will not write down the
coordinate dependence of the modulus p. Therefore we start with the following

ansatz for the deformed background:

= (u7?’}7 /r) + q f <U7U7T)7
= (0)(u,v,7“)—|—qs (u,v,7r),

= —1/2+¢q gqgv)(u,v,r),

(2)

— q29uu 2 (2)

(u,v,7)
(u,v,7)
Op(u,v,7) = 00w, v,7) + ¢20P (u,v,7),
(u,v,7)
(u, v,7) (1, 0,7), Gopo(u,v,7) = ¢°gy) (w0, 7). (2.120)

Our first task is to determine these deformations as functions of p and its deriva-
tives. The structure of the resulting, coupled differential equations for the defor-
mations is clear: they will be ordinary, linear second order differential equations
in the radial variable r with inhomogeneous terms involving up to two deriva-
tives of p. Due to the symmetry of the problem, there is only one independent
equation for the gauge field, with free index along S, say ¢, and the non triv-
ial Einstein’s equations, Fysy, arise only when M, N are of type u,v,r and for
M = N along one of the three coordinates of S®, e.g. ¢. The traceless part of
the Einstein equations FE,, and E,, involve only ggi) and gqgi) respectively and
these differential equations can be solved easily. The equations E,,, Eys, Eyr,
the gauge field equation and the # equation involve only gg,), s@(u,v,r), f@ and
6. Since a constant scaling of u and v in the zeroth order background solution

is equivalent to turning on a constant gzﬁ), the latter enters these equations only
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2. HOLOGRAPHIC ANOMALY MATCHING

with derivatives with respect to r at ¢? order. Therefore we can find three linear
combinations of these equations that do not involve gq(ﬁ)). To simplify these three
equations further, it turns out that an algebraic constraint among the fields f, 0
and s, dictated by consistency of the S* dimensional reduction of the 6D theory
down to 3D, gives a hint about a convenient way to decouple the differential
equations by redefining the field 6 in the following way
2,-2f ,p
0 rce e
e/ = ——m—. 2.121

(44 d— s?) ( )

Note that for the reduction ansatz, ¢ = 0. In general the new field ¢ will also

have an expansion in ¢ of the form:
p(u,v,7) = O u,0,7) + ¢ (u,v,7). (2.122)

For the zeroth order solution defined above one can see that ¢® = 0. The
reduction ansatz indicates that at order ¢? one can find a combination of the
linear second order differential equations which gives a decoupled homogeneous
second order equation for ¢(®. This equation can be solved for ¢, which involves

two integration constants denoted by a; and as (that are functions of v and v)

48r5(r? + p*)? log(rz—:;ﬁ) — 48r5p% — 2474 p" + (12 + d)r?p® + dp®
rp2((4 4+ d)rt + 2(4 4+ d)r2p? + dp*)
472(r? + p?)
P2((4+ d)r* + 2(4 + d)r2p? + dp*)’

(10](12) = al(uvv)

+ as(u,v)

(2.123)

and after substituting this solution, we get two second order differential equations
for s and f®. In general one can eliminate f® from these two equations and
obtain a fourth order differential equation for s®). However, it turns out that in
these two equations f) /r? appears only through r-derivatives Y| and this results

in a third order decoupled differential equation for s

As(r)325® + Ay (r)92s? + A1(r)9,s? + Ag(r)s? = B(r), (2.124)

IThis can be understood by observing that one can add a constant to the solutions for
e?~2/ and e=?72f in equations (3.28) and (3.26). At the infinitesimal level this is equivalent to

turning on a constant f2) /r2,
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2.3 6D Analysis

“((A+d)r' + 24 + d)r?p? + dp')?,

As(r) = r*(r? +p?)
)P(11(4 + d)*r'® + 51(4 + d)*r®p?
(
)

2
As(r) = r*(* +p?
+2(4 + d) (128 + 47d)r°p*
+2(4 + d) (24 + 43d)r* p° + d(80 + 39d)r°p® + 7d*p'"),
A(r) = r(® 4+ p)H21(4 + d)*r'? + 130(4 + d)*r'%p?
+(4 4 d)(948 + 311d)r®p*
+4(4 + d)(100 4 91d)r°p° + (=192 + 456d + 211d*)r* p°
+10d(—8 + 5d)r?p'® + d?p'?),
Ao(r) = 16p2(r* + p*)*(4(4 + d)*r'® + (4 + d) (72 + 19d)r'p*
+(4 4 d)(72 + 35d)r®p*
+2(16 4 54d + 15d*)r%p® 4- 2d(6 + 5d)r* p° — d*r*p*° — d*p'?),
B(r) = 16¢cp(r* + p*)*((4 + d)r* + 2(4 + d)r’p* + dp*)*0,0,p
+16¢(r* 4 2r°p* — 3p*) (4 + d)r* + 2(4 + d)r?p* + dp*)?0,p0,p.
(2.125)

The three independent solutions of the homogeneous part of the above equa-

tion are

(2)

3(4 + d)r® + 24(4 + d)r®log(r/p)p*
Sh = a3(u7 U) +

12r4(r2 + p2)2
—6(10 + 3d)r*p* — 6(2 + d)r?p® — dp®

as(u,v) 12012 + )2 +
aa(u U)p2(24r6 log(1 + p?/r?) — 24rp* + 3(8 + d)r?p* + 2dp°)
e 144r4(r2 + p?)?
r2p?
— 2.126
+as(u,v) CEYOE ( )

Using the most general solution of the homogeneous equation one can construct

the Green’s function for the third order differential equation and obtain a partic-
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ular solution of the full inhomogeneous equation

(@ c(3(4+ d)r® — 6(4 + d)r'*p* — 2(30 + 7d)r*p* — 5dp6)a 5
P T 3r4(r2 + p2)3 uPOup
cp(3(4 + d)r' + 3(4 + d)r?p® + dp")

3ri(r2 4 p?)?

0uDyp. (2.127)

Substituting the general solution for s in the remaining equations one gets
first order linear differential equations for f® and gfﬁ,) which can be solved easily
resulting in two more integration constants. Moreover, F,, and E,, give two de-
coupled second order differential equations for the traceless part of the metric gﬁ)
and gqﬁ) that can also be readily solved giving another four integration constants.
In all there are eleven integration constants as compared to nine integration con-
stants in the 3D case discussed in the previous sections. This is to be expected
since the S reduction ansatz from 6D to 3D sets ¢ = 0. Finally E,, and E,, at
order ¢ give first order partial differential equations in u and v variables on the
integration constants. The full homogeneous solution and a particular solution
for the inhomogeneous equations are given in Appendix [A.3]

Now we turn to the analysis of the IR and UV behaviour of the general
solutions. The general solution for s(? is a sum of the particular solution
and the homogeneous solution . Near r = 0 this solution has divergent

1/r* and 1/7? terms that can be set to zero by choosing:

4 1 1
— SOLEL i) = S (M0~ D). (212)

as (U, U)
Similarly analyzing the general solution for ¢ one finds that it has also IR
divergent 1/r* and 1/r? terms that can be set to zero by setting a;(u,v) = 0.
With these choices we have checked that Ricci scalar and Ricci square curvature
invariants are non-singular at r = 0.

Finally, the Einstein equations FE,, and F,,. give certain partial differential
equations with respect to v and u on the integration constants b; and c; respec-
tively and these are solved by:

4c (=2(0up)® + p03p) 4e (=2(0up)* + pip)

bl = s C1 = . 2129)
,02 p2 (
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2.3 6D Analysis

With these conditions even the metric functions g,., g,», and g,, have no power
like singularities in 7 near » — 0. Thus we have a smooth solution near IR up to
q* order.

In the UV region, r — oo, the source terms behave as O(r?) for ¢ and f, and
O(1) for the metric guy, guu and g,,. By making an asymptotic expansion of the
homogeneous solutions one can see that as, ay, a7, by and ¢y control these source
terms. Since in our background we do not want to turn on any sources, we set

these integration constants to zero.

Finally, the UV behaviour of the gauge field s®? is:

c(4+ d)0,0, log p
3p?

2 2 2
(1- r_,(;(4 1og(§ +1)+ %ag,. (2.130)

It turns out though that IR regularity forces us to allow a source term for the

sy(u, v, r) field, this is a term of order r° for r — oo and of order ¢*:

5(2) - 0(4 + d) (pauavp — ﬁup&p)
3p?

+0(1/r), (2.131)

as r — 00. Notice that here, like in the 3D case, discussed at the end of section
2.2.0, the source term for the operator dual to s is proportional to the EoM for

the massless scalar log p, and therefore vanishes on-shell.

2.3.2 Finding linearised fluctuations around the deformed

background

Having determined the background corrected by the leading terms involving two
space-time derivatives of the modulus p, we could compute the regularized on shell
action, as was done in the 3D case. We find it more convenient to compute directly
one-point functions of dual operators (especially of the stress energy tensor). To
this end we need to switch on corresponding sources and therefore to solve the
linearized equations of motion of the various fields on the deformed background.

This is done again in a derivative expansion starting with the following ansatz
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for the fields fluctuations:

05 =60s + ¢*6®s, 5guu = 0 guu + 6 guus 6gu0 = 6V g + ¢°6 gy,
(2.132)
0gus = 0V guy + 26V gus, 6f = 0O f + P63 f, 56 = 50 + ¢*6P9,
(2.133)

where 69 stands for the zeroth order in space-time derivatives, and §(® stands
for fluctuations coming at second order in space time derivatives and this is why
is weighted by ¢2. The general solution for 5 is the homogeneous solution given
in Appendix [A.3] We fix the integration constants so that

5(0)guu - huua 5(0)91)11 = hvv» 5(0)91“; - huw (2134)
2[)47”2

sOf = 2.135
I = i@ arar 2@y dpme) 213)
509 — ip'r” as(u,v), (2.136)

(P +7r2)(dp*+ A+ d)rt + 24+ d) p>r2) 777

2 2
0 _rrp a5(u,v)

5( )S - (T2+p2)2 9 (2137)

where Ry, hy, and h,, are the integration constants bs(u,v), c2(u, v) and az(u, v)
respectively. Consequently they are the sources for the boundary stress energy
tensor components T, T,,, and T,,. These h’s are small fluctuations around the

flat boundary metric, ¢ = n+ h, and the corresponding linearized curvature is
R®(¢) = 28R — 20,0l + 32hy). (2.138)

We have also kept the integration constant as for reasons that will become ap-
parent later on.

The next step is to solve the equations of motion at order ¢? for the 6 fields.
The equations for 6 fields contain also inhomogeneous terms that involve §()
fields and their derivatives, up to second order with respect to u and v. The
procedure is the same as the one employed in solving for the corrected background.
As the differential equations are inhomogeneous, the general solution will be the
sum of the homogeneous solution and a particular solution of the inhomogeneous

one, which can be obtained using Green’s functions once we have the homogeneous
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2.3 6D Analysis

solutions. The integration constants in the homogeneous part of solution can be
partially fixed by requiring IR smoothness and absence of sources for 66 and
8@ f. Moreover some sources can be reabsorbed in the already existing sources
at zeroth order. Finally, the mixed u,v and r Einstein’s equations result in
differential constraints among the integration constants.

Concerning the IR behaviour, the metric components go, for » — 0, as:

d
6(2)guv ~ _CZR(Q)/T27
8v5(2)guu ~ _%lauR(2)/r27
@ s ey,
000\ Gpy  ~ 481,5’ Jre. (2.139)

The apparent 1/r? singularity is presumably a coordinate singularity: we have
verified that both the 6D Ricci scalar and Ricci squared are finite both at the
IR and UV. The other fields are manifestly regular at the IR. We have seen that
there is a physical fluctuation for the operator O, proportional to p* at order ¢°
and that at order ¢ there is a source, .J,, which couples to it, proportional to
Olog(p)/p?. Therefore we expect that, at order ¢, the corresponding term O,.J,
in the boundary action will not give any contribution being a total derivative.
So, this type of term will not contribute to the dilaton p effective action if we
were to compute it, as it was done in the 3D case, by evaluating the regularized
bulk action on the background together with boundary GH and counter-terms.
We close this subsection by writing down the full source term J, for the operator
O dual to the bulk field s, i.e. the sum of the source in the background s;, plus

the one in the fluctuation ds:

p c(4+d) (Dg(m log(p) — 3R [9(0)]>

12 p?
c(4+ d)Olog(p) c(4+d) 1
+ 12 p2 as + TFD(I@ (2140)

Next, we go to compute the contribution of the term [ /¢ .J,O4 to the 2D
boundary action. While J; is the coefficient of ¥ in the UV expansion of s, < O, >

is proportional to the coefficient of 1/72. We will determine this proportionality
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constant in the following by studying the dependence of the regularized bulk

action on as. Note that J, is already of order ¢?, therefore we need only ¢° term

in the coefficient of 1/r? in s, which can be seen from (2.117) and (2.134)) to bd]]
<O >~ p*(1+as). (2.141)

Using the fact that 1/¢© at order ¢° is 1/2(1 — 2h,,), it can be shown that
Vg0 J, < Oy > up to the order we are working at, is a total derivative and

therefore the corresponding integral vanishes.

2.3.3 Boundary Action

Here, we will determine the boundary action in presence of sources for the dual
stress energy tensor 7}, , which will allow to compute its one-point functions. We
will expand the bulk action around the determined background to linear order in
the fluctuation fields, at order ¢2. First of all, we need to point out a subtlety
concerning the bulk action. Recall that the bosonic equations of motion of (1,0)

6D supergravity, (2.111]), can be derived from the following action:

Sk _ / &y ~Gen (—ER + iew - ie%(ag)? - i(@@)?) C (2142)
where the equations of motion are obtained by varying with respect to all the
fields, including the two form Bj;ny. The 6D equations of motion have been shown
in [23] to reduce consistently to the 3D equations discussed earlier. In particular
the 3D flow solution discussed before has a 6D uplift. For convenience, we give
the map of the 6D fields and parameters in terms of 3D ones used in the previous

sections:

6,26
46 g€

rbe 8 ar? — drz, rie 2 ef, s —2A, e S0 a A2)3’
g (L —

4 2
00, d+d— 2 oL (2.143)
g1 295

1Of course, the same remarks about the CFT interpretation of the asymptotic data of
bulk fields made in sub-section [2.2.1} implying spontaneous symmetry breaking of conformal

invariance, apply here.
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In the 6D action above, (G3)? equals (G")?2 + (G$))2. However the
3D gauged supergravity action is not the reduction of S4*. The difference lies
in the fact that in reducing to 3D, one eliminates (G3 by using its 6D solution in
terms of the remaining fields. The 3D action is constructed by demanding that its
variation gives the correct equations for the remaining fields. From the explicit
solutions for Gél) and Gz(f) in , one can easily prove that the modified action
Sbulk obtained by replacing (G3)2 — (G{)2 — (G2 in Stk reproduces the
correct equations of motion for all the remaining fields. From the AdS/CFT point
of view, it seems reasonable to use Sg%k, since the two-form potential in 3D is not
a propagating degree of freedom and does not couple to boundary operators. We
should point out that the boundary action that we will compute in the following
is not the same for SZ4F and SZ4*. Only the latter reproduces the results of the
3D analysis. The flow solution studied in this chapter can be described in the 3D
gauged supergravity, however there are many solutions describing flows in 2D or
4D CFTs that cannot be described in 3D or 5D gauged supergravities. Instead
one has to directly work in higher dimensions. In such cases, we think, that
the bulk action that should be used in the holographic computations, is the one
that reproduces the correct equations for the fields that couple to the boundary
operators, after having eliminated 2-form and 4-form fields respectively.

As promised at the beginning of this subsection our goal will be to evaluate
SYulk with the modification just mentioned, on the field configurations which are
sums of the background fields plus the § fields, at first order in the latter and to
order ¢2. Since the background solves the equations of motion, the result will be
a total derivative and there will be possible contributions from the UV and IR

boundaries, i.e. ¥ — oo and r — 0, respectively. It is simpler to give the sum,

S1, of the boundary term coming from the bulk action and the Gibbons-Hawking
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1 : . or(e2fd
term, which in our case is [ dude-

(—detg)
dudv
S, = 9, o+ 2000 O
1 \/Tetg[ (gbuv fb gbvv Gbuu GbuvOr Gouy

= Ibuu(4960,0r fo + 01 9b0,) )0 f /2

— % (Goup (=6 + 470, f) — 701 Gbyy)OGuv /4

+ (o (=6 + 470, f) = 70rGbys) 0 Gun /8

+ 1 (Goyu(—6 + 470, ) — 701 Gbr )0 Guu /8

— 7r°(—detg)0,0,60

— 62t (—detg)ds]. (2.144)
By looking at the solutions for the various fields one can see that this expres-

sion has a quadratic divergence for » — oo at order ¢°, which can be renormalized

by subtracting a counterterm proportional to the boundary cosmological constant:

1
L . f P—
Ser (A /dudve \/ —detg. (2.145)

The final term S; = Sy — Sor, at order ¢*, for r — oo is obtained using the

explicit solutions:

Sy = / dudve 5 C 2hu(90up)* — pd2p)
+  20u,p(8a50,p — 16hy,0yp + YhyyOup
+ 2p(70up0yhyy — 8a50,0,p + 16h,,0,0pp
+ how0ap) + Tp* (Owohu + 0u0yas — 20,0,y + Oahiy))).  (2.146)

For r — 0 one can readily verify that there is no finite contribution left over.
Before coming to the computation of < T, >, < T,, > and < T,, >, let us
analyse more precisely O, . This can be obtained by comparing J, from ([2.140)),
after setting to zero the sources of 7}, with the corresponding term in Sy, which
gives [ \/_ < O, > Js. Setting the sources of T),, to zero, i.e. keeping only
as, Sy is 2¢(0updyp — pduOup)/p*as which by the holographic map is equal to
f \/W < O4 > J,. Using the expression for Js given in one finds:

6,0

<0, >0= .
44d

(2.147)
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Notice that using the fact that < O, > is proportional to p? (2.141)), the term
proportional to [las in J, is a total derivative. The above equation actually
gives the proportionality constant in (2.141f) so that including the first order

fluctuation:
<Oy >= ——(1+as). (2.148)

2.3.4 One-point function of 7},

The one-point functions of the stress energy tensor, < T,, >, < T,, > and
< T, >, are determined as the coefficients of h,,, hy, and h,,, respectively, in

Sy. After performing a partial integration one obtains the result :

—2c(2(0up)® + pOip)

< Tuu > = B} )
)
—2¢(2(0,p)? 0>
<T,> = c(2( Zl tp vp)’
2¢(—0,p0, 0u 0y
o1, s = 20w p2+p P, (2.149)
p

This stress energy tensor can be derived from an effective action for the field p:

5, =2 [ dudo/=g((0log(p))* ~ R (g) ogip). (2.150)

Note that the coefficient that appears in S, is ¢ which is proportional to cyyv —crg.

Under the Weyl transformation

gV =g p ey S, Sp—l—QC/dudv\/ —g@aR® (M), (2.151)

and therefore S, precisely produces the anomalous term. Finally note that J, in
transforms, up to the linearized fluctuation that we have computed here,
covariantly as J, — €?.J; under the Weyl transformation.

Finally, using (4.2)), (2.140) and (2.148), we find that the conservation of stress

tensor is modified by the source terms as:

' < Ty >= J0; < Oy >, (2.152)

which is the Ward identity for diffeomorphisms in the CFT in the presence of a

source term [ jsOs.
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Now we would like to interpret from the dual (4,0) SCFT point of
view. It is useful to recall some facts from the better understood type I1IB (4,4)
SCFT describing bound states of Q1 Dl-branes and Q5 D5 branes [28, 59]. If
one wants to study the separation of, say, one D1 or D5 brane from the rest,
one has to study the effective action for the scalars in the vector multiplets, 17,
in the relevant branch of the 2D (4,4) gauge theory, which is the Higgs branch,
where (semiclassically) the hypermultiplet scalars H acquire v.e.v., whereas for
the vector multiplet scalars, which carry dimension 1, < V' >= 0. One can obtain
an effective action for V' either by a probe supergravity approach [28] or by a
field theory argument [59, 60, [61], i.e. by integrating out the hypermultiplets
and observing that in the 2D field theory there is a coupling schematically of
the form V2H?2. This can be shown to produce for log \‘7| a lagrangian of the
form ([2.150]) with the correct background charge to produce a conformal anomaly
which matches the full conformal anomaly, to leading order in the limit of large
charges.

In our case, where we have a D1-D5 system in presence of D9 branes in
type I theory, the role of the vector multiplet scalars is played by the field p,
the instanton scale in the background geometry. The “separation” of one D-
brane corresponds geometrically to the limit p — oo, where the gauge 5-brane
decouples, making a reduction in the central charge from an amount proportional
to Q1Q5 in the UV to Q1(Q5—1) in the IR, where, as shown earlier, @1 = ¢/4 and
Q)5 = d/4 + 1. Therefore the variation of the central charge, dc, is proportional
to Q1. On the other hand, from the D-brane effective field theory point of view
the instanton scale corresponds to a gauge invariant combination of the D5-D9
scalars, h, with h? ~ p*. The h’s are in the bifundamental of Sp(1) x SO(3), Sp(1)
being the gauge group on the D5-brane and SO(3) that on the D9- branes. The
h’s couple to D1-D5 scalars H which are in the bifundamental of SO(Q;) x Sp(1)
and belong to (4,4) hypermultiplets. In the Higgs branch, which gives the relevant
dual CFT, again H’s can have v.e.v. semiclassically, while < A >= 0. In the 2D
effective action there is a coupling of the form H?h? and upon 1-loop integration
of H’s one gets a term (9h)?/h%[60], with coefficient proportional to @;. The
presence of the background charge term can be justified along the lines of [28] [59]

and it guarranties the matching of Weyl anomalies along the flow.
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On black holes in 3D higher spin

theories
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3

The phase space of s/(3,R) black

holes.

In this chapter we address some issues of recent interest, related to the asymp-
totic symmetry algebra of higher spin black holes in si(3,R) x si(3,R) Chern
Simons (CS) formulation. In our analysis we resort to both, Regge-Teitelboim
and Dirac bracket methods and when possible identify them. We compute explic-
itly the Dirac bracket algebra on the phase space, in both, diagonal and principal
embeddings. The result for principal embedding is shown to be isomorphic to
W3(2) X Wéz).

3.1 The Regge-Teitelboim formalism

We start this section by reviewing the Regge-Teitelboim (RT) formalism in the
context of Chern Simons theory in a 3D space with boundaries. Firstly, we

provide some tips that the reader should keep in mind during this section.

e Along our discussion we will use the A = 3 truncation of hs(A) to si(3,R).
However many of the procedures to be reviewed in the next section do
generalise straightforwardly to any of the truncations gotten for positive

integer .

e The super index (0) in a given quantity X stands for its restriction to the

Cauchy surface X(©. Or equivalently to its initial condition under a given
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3. THE PHASE SPACE OF SL(3,R) BLACK HOLES.

flow equation.

e The symbol § stands for an arbitrary functional variation whereas d, stands

for a variation due to a residual gauge transformation A.

Let us denote by (A,.A) the left and right si(3, R)-valued connections of in-
terest. Let us focus on the sector A and let us denote the space-time coordinates

by (p,x1,x2). The Chern Simons action supplemented by a boundary term is
Scs = / tr (AdA + §A3) + Tory- (3.1)
Part of the hs()\) E| gauge freedom is fixed by the choice
Ap = Vozv (‘AP = _Voz) : (3.2)

The (1, p) and (2, p) components of the equations of motion dA + A% = 0 impose
the form
Ay =bAb™", b=e P (Aa =DbAb !, b= 6PV02>, (3.3)

with @ = 1,2%} The remaining (1,2) components read
dA+ A* =0, d = dz°0,. (3.4)

Up to this point we have twice as many variables than equations. Equation (3.4])

can be thought of as:
e 1, evolution equation for A; (I). (0,41 +...=0).
where the ... define quantities that do not involve derivatives with respect to x».
From this point of view A, is an arbitrary source and the Cauchy surface initial
condition is Aj|y,—fizea- The arbitrariness of the source A, represents an extra

gauge freedom that tunes the x5 evolution of a Cauchy data surface A;|;,=fized-

Should we make the choice Ay = 0, evolution is trivial and all Cauchy surfaces

1See appendix for notations, conventions and definitions concerning the hs(\) algebra.
2 From now on we will focus on the unbarred sector A. The results for the barred sector A

can be obtained in the same way.
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3.1 The Regge-Teitelboim formalism

have the same data A;(z1). Data Ai(x;) and Aj(x1) + 0o A;(z1) are physically
inequivalent as the gauge degeneracy has been already fixed.

However, notice that one can map dpyA;(z1) to a “improper” hs(\) gauge
transformation with parameter A(z;)[] In this way the gauge choice Ay = 0 is

preserved and
(5/\141(1’1) = 81/\(:161) + [Al, A] (35)

The gauge parameters A carry thence some physical meaning, they will define
global charges Q(A) whose Poisson bracket with the initial data A;(z;) will gen-

erate the changes 0A;(z;). In fact, in virtue of what was said, it results that

QA) = G|AP:V02,A1:bA1b*1(bA(xl)b_l)‘ (3.6)

Where G is the generator of gauge transformations in a given Cauchy surface

before imposing any second class constraint. Even though we did not make it
explicit in (3.6)), we have also imposed A, = 0.

Before defining GG let us stress that in the following paragraph we do not

impose neither nor which are not compatible (second class) with the

x9 = fized Poisson bracket algebra
{‘Alv‘Ap}PB = _{‘prAl}PB = ‘/016(2) (37)

Where by V! we mean the identity operator in the hs(\) algebra (See appendix
B.1)). However we are free to take Ay = 0 as it is compatible (first class) with
(13.7). The quantity

GT) = /dmltT(FA1)|poo + / dxqdp tr(I'Fy,), (3.8)
is defined over each zo = fixred Cauchy surface and obeys the following properties

{G(D), A1 ,}pe = Di,l'=0rAy,,
SuGT) = — / dardp tr (D,T6A,) (3.9)

Tn terms of the A components the parameter is bA(z1)b~!, in such a way that it preserves
the hs(\) gauge choice A, = V. The gauge transformation A is usually called “improper” as
it changes the specified boundary conditions. In a manner that will be explicitly shown below
these transformations define global symmetries.
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3. THE PHASE SPACE OF SL(3,R) BLACK HOLES.

under the brackets (3.7). Namely, it generates the gauge transformations on a
given Cauchy surface under (3.7)), and it is properly differentiable under off-shell
variations 6A;. By computing the gauge variation of (3.8)) and regrouping some

terms one arrives to the algebra
{G(Fl), G(FZ)}PB = (SFIG(FQ) = G([Fl, FQ]) — /dx1 tT(F181F2>, (310)

which is inherited through (3.6 by the Q(A)’s.
In fact, after plugging (3.8) into (3.6)) one gets

From the first line in (3.9) and after imposing the second class constraints (3.2])
and (3.3) we arrive to

{Q(A), Al}pB = DlA = 5AA1(I1)7 (312)
which after taking A = §°7,, A, = Al{Tb reduces to the Kac-Moody algebra
{AS(21), AL (1) YpB = fA0 (21 — 1) — ™00, (21 — 1), (3.13)

where g% is the inverse of the Killing metric, gu, = tr (7,7), that is also used to

raise indices. To lower indices we use the Killing metric g4 itself. For instance
fab = goaghby, . [ Where [1,, 7] = f,,°7. Notice that the same result
can be deduced from (3.10)) and the definition ((3.6]).

It is worth to notice that in the previous definition of GG, the gauge parameter
I' was supposed to be field independent. Should this not be the case, then (3.8|)
should be replaced by

G(I) = B, A) + / dardp tr(TF,,), (3.14)
where the boundary term B is such that
o4, B(T) = /dxltr(l“éf[lﬂpoo. (3.15)

Is easy to check that (3.14) still obeys the properties (3.9)), but in a weak sense,

namely up to terms that vanish when one imposes the equations of motion, F;, =
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3.2 Regge-Teitelboim method in the principal embedding

0. Clearly when T' is field independent both definitions (3.8) and (3.14]) are
equivalent. But (3.14)) is more general. So we will stick to (3.14]).

For later use we impose (3.2)), (3.3), and I' = bAb~!, onto (3.15)) and rewrite
it as

SQ(A) / dantr(ASA,). (3.16)

Where now we note that the p dependence has disappeared, and the non linearity
of I is inherited by A. The integration of (3.16), Q(A) generates the residual
gauge transformations that preserve any further constraint, with A being the
corresponding residual gauge parameter. From (3.12)) we have then a way to find
out the Poisson brackets on a further reduced phase space.

A shortcut to find out the algebra without integrating is at hand. After
use of the equivalence relation in inherited by the @, together with

one gets

{Q(A1), Q(A2)}pp = 0a,Q(Ag) = — / dzy tr(AyDyAy). (3.17)

In this way we just need to use A; and the residual gauge parameter A to evaluate
the RHS [1]. We will not resort to this way.

Notice also, that in the process we have been neglecting total derivative terms
with respect to x; under integration. To take care of them, one imposes boundary
conditions on the field and gauge parameters, like for instance periodicity under
x1 — x1+27. In the next section we will study a case in which such a periodicity

is lost due to the use of perturbation theory.

3.2 Regge-Teitelboim method in the principal
embedding

In this section we impose extra constraints (boundary conditions) on the phase
space of the theory with Lie algebra sl(3,R). We will explicitly set up the RT
method in order to make it equivalent to Dirac formalism. In the process we
will show, as already known, that it is also possible to set up the RT formalism

in order to define a W3 algebra at fixed time slices [1]. We will show explicitly

63



3. THE PHASE SPACE OF SL(3,R) BLACK HOLES.

that this choice can be thought of as the realisation of a non residual gauge
transformation that resets the initial constraints in favour of the usual highest
weight one. Next section we will show that such Wj is not isomorphic to the fixed
time Dirac bracket algebra.

Let us relax the condition Ay = 0 used in the previous section. Besides
and , we impose the following constraints

Ay = VEHLVE +WV3,
Ay

ps (V3 + lower components ), (3.18)

where the highest weight elements (£, W, ...) are arbitrary functions of (x1,xs).
From now on to save some notation we denote the set of all of them (£,'W,...)
as M. The flatness conditions along the generators V. - ., provide algebraic

equations for the “lower components” in terms of (M, ,M).
2 1
Ay = s <v23 + 2LV — galLv_?’l + (L2 + éafL) V3, — 2WV_21) . (3.19)
The remaining ones provide the zo-flow equations
8 1,4
(92L == —2/L381W, GQW = U3 gﬁalL + 681[4 s (320)

which determine the M out of the initial conditions M(z1,0). Solutions can be
found in terms of perturbations of the chemical potential pz and will have the
generic form

M =M + g (x2M<1> + M&O)) +0(ud), (3.21)

where M), are local functionals of the initial conditions M, Mgo). Notice that
the integration constants Mgo) are just shifts in M. In general we will take
Mgo) as the most general functional of z; and M©® consistent with dimensional
analysis. The explicit dependence in z; will play an important role.

We ask now for the set of linear gauge transformations preserving the bound-

ary conditions (|3.18|)

0A, = Oy, A+ [A4 Al (3.22)
A = €eV2+ 1V + higher components, (3.23)
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3.2 Regge-Teitelboim method in the principal embedding

[] where the lowest components {e,n} are arbitrary functions of (z1,22). We
will denote the set of lowest components {¢,n} by ©. The projection along
the generators V5 __ .., of the ; equation in (3.22)) solves algebraically for the

highest components in terms of the lowest ones ©:

1
Ale,n) = VP — 01eVy + (LG — 2Wn + 59126) V2 4V — oV +

1 2 5 1
(2L77 + 58%77) ‘/63 — (581’677 + gﬁ@ﬂ? + 68?77) V_Sl +

7 1 2 1
(We + L%+ 5L+ ga%Ln + gﬁﬁfn + Zafn) V3, (3.24)

Notice that the Ay component (3.19)) can be viewed as a residual gauge parameter
A(0, p3). This is of course a reminiscence of its spurious character.

The remaining z; equations provide variations of the gauge field parameters
M(z1, 22)

1
5AL = 8156 -+ 2L81€ — 281WT] — 3W817] + 58?6,
1

1 5 5 1
5 (907 L + 32L%) O + 181@1277 + gzafn + ﬂal%,
(3.25)

From flatness conditions and the Dirichlet boundary condition to impose, it is
clear that any other component variation of the gauge fields can be deduced from
these ones. Demanding the lowest weight components (V{,V3}) of the final A,

connection to be fixed, determines the zo-flow equations
8 1,5
826 = —U3 gL@ln + 6(917] s 827’] = 2,[1/3816, (326)

which allow to solve for the gauge parameter ©(xy, x2) in terms of the initial con-
ditions ©(x1,0). Again, solutions can be found in perturbations of the chemical
potential p3

6 =00 + iy (2,00 + 6" + 0(s3), (3.27)

'Notice that in (3.22)) we have used § and not 5. In fact we use 55 A to denote the solution
of the condition 1) meanwhile ¢ stands for an arbitrary functional variation.
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3. THE PHASE SPACE OF SL(3,R) BLACK HOLES.

where the @) are local functionals of the initial conditions ©(*). The @§°) are
shifts of ©(®) and we will define them as general functionals of z1, M(® and ©©
consistent with dimensional analysis, and linear in the .

Let us define our coordinates z1 = 3(to + ¢), 12 = 2(—to + ¢) and consider
time evolution. This choice of coordinates identify with the first two lines
in equation (3.1) of [I] under our conventions [

The Cauchy data at a fixed time slice and the corresponding residual gauge

transformations are
Adp = 2A4dd = Ayday + Agdry, SaA = 20yAy = OpA1 + 0p Ay, (3.28)
where the effective angular variable is ¢ = %gb. By the following redefinition

£ = 2WO 4 22,9, WO,
(
1

1 1
WO = O _ 0L — s (16600,810 + 93,
8 1
O <_L<o>8m<0)+_a§n<o>)7
3 6
WO = —90,0,e0, (3.29)

we get rid of all terms in the connection A and residual gauge transformation d, A
that break periodicity under ¢ — ¢+ 2mw. The periodic terms however are chosen
by convenienc. The V2, and V3, components of A become £©) + %[Lgto,a(l) +
O(p) and WO + 1 st WO + O(1i3) respectively. The (L), W) are determined
by the equations of motion to be

L = 20WO,
1
wh = —6(16L<O>81L<0>+8§L<0>). (3.30)

Notice that explicit dependence in the Cauchy surface position ¢, remains in both

A and 6, A. The contribution of this explicit dependence in ¢ to the charge @ is a

IShould we have chosen 1 = ¢ and x5 = ¢ the fixed time Dirac bracket algebra of (3.18)) is

seen to be W3 [2].
2Later on we will compare the result for the ASA with the choice with the Dirac bracket

algebra. (3.29) is the consistent choice for that case.
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3.2 Regge-Teitelboim method in the principal embedding

total derivative whose integration vanishes upon imposing our periodic boundary
conditions. The integrated charge out of (3.16)), for any to

" 1 1.2
Qlty) = / i (e(om(m 0 (Wm) +is (3055‘0) 10 ))) Loy).
0
(3.31)
and the variations
L0 = 4 g (200W 0D 1 AW 09,6 4 4009, £ 000
11
+3£0%9,7© 4 39,7©a2£©) 4 5515(0)3377@
1 8 1
+§5§’£(0)n(°) + gﬁ(o)afn(o) + gﬁfn) +O0(p3), (3.32)
5Aw(0) = ..+ pus <—§L(0)31L(0)6(0) _ 13—313(0)2816(0) _ %afﬁ(o)ale(o)
_B000520 _ Lo om0 Ly
6 6 3 3
16 20 38
+§W(O)5lﬁ(0)77(0) + 35(0)(911/\7(0)77(0) + gL(O)W(O)am(O)

?(fﬁw(m@m(m L %1@1%7(0)@%77(0) . ng)afn(m . agwannan)

+0(u3),
LW = (55(1)) |55, 5
WD = (sWD) |55, (3.33)

determine, after long but straightforward computation, the Poisson bracket al-
gebra by means of E| The ... in stand for the zeroeth order
in p3 contribution, which is given by the right hand side of after substi-
tuting (£, W, €,n) by (£, WO ¢© 5O)) respectively. Remember that § stands
for arbitrary functional differential and so by (d...)|s—s, wWe mean to take the
functional differential of ... in terms of (§£(®, W) and after substitute ¢ by
0p. We will prove that the ASA on a fixed time t, slice that is obtained by im-
position of upon the Regge-Teitelboim bracket definition , namely
, coincides with the fixed time ¢y, Dirac bracket algebra in the space of flat
connections . We will check that the us deformation of can not be

!...with the substitution (z1,9) — (% + , ;) always implicitly intended.

67



3. THE PHASE SPACE OF SL(3,R) BLACK HOLES.

absorbed by a field redefinition. In other words the ASA ([3.55)) is not isomorphic
to W3
However, there is a way to associate a W3 algebra to (3.18]). In fact the choice

0= wo, wO— 202 Tapo
3 12
8 1
0= (577(0)5(0) i Zafn(t))) ;i =+ €O, (3.34)

with the ... denoting the rhs of the previous choice (3.29)), defines the integrated

charge
Qo) = [ 6 (L0 ~ W) + 0, (3.35)
0

with variations (9, £, 5, W) given precisely as in (3.25) with (£, W, ¢, ) sub-
stituted by the initial conditions (£, WO ¢©) 5©)),

The variations (5,£™M, 54 WD) are given in terms of (5,£©), 5, W), as pre-
sented in the last two lines in . Thence from (3.12)) one derives which
is W3. As already stated this Poisson structure is not equivalent to the Dirac
structure mentioned before. The technical reason being the presence of
the field dependent redefinition of gauge parameters that is not equiva-
lent to a redefinition of (£, W), As we will show this procedure is somehow
violating the Dirichlet boundary conditions of .

But before going on let us write down the expression for the original (V2,V?3,)

components of the projection A; of A and the corresponding residual gauge pa-
rameters, (£, W, ¢,n), in terms of the (£©, WO €0 50)) for the choice (3.34)

L= L0+ 3uWO + sty W + O(13),

8 3 1
W = WO _ (§L<0>2 + Za;w)) — 5hsto (16£©90,£0 + 53L0) 4 O(u3),
8 1 1 (
e = €Oy (5,7(0) £O 4 135177(0)) + —shalo (16£90,7© + %) + 0(2),
n = 1O+ puze® — pstdre® + O(ud). (3.36)

The (V%,V3,) components of A are recovered by dropping the terms linear in p3

without ¢y, dependence in the first two lines in (3.36)).
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3.3 The RT reduction to ;5 as a non residual gauge transformation

3.3 The RT reduction to W5 as a non residual

gauge transformation

As promised, we will show that the process that follows the choice in
defining a W3 algebra for (3.18), is equivalent to the process of performing a
gauge transformation that maps the phase space with p3 # 0 to the one
with 3 = 0. Namely to perform a gauge transformation that changes the original
boundary conditions. First let us collect useful information. Let A be the space
of flat connections with residual gauge transformation condition 6A = DA 4.

Let g be an arbitrary field dependent gauge group element which is not a
residual transformation of A. By performing the similarity transformation by g
on both sides of (§JA) = DAy we get

g0Ag™" = 0A,— Da,(g697"),
gDa(Aa)g™" = Da,(gAag™), (3.37)

where A, = gAg~! + gdg~"'. From (3.37)) we read out the transformation law for

the residual gauge parameter A
Au, = ghag™" +gdg ", (3.38)

where at this point, we are free to substitute the arbitrary differential § by d, ,,
the initial residual gauge transformation.

Now we notice that equations and are integrable at any order in
s as it follows from gauge invariance [I}, 38]. One way to solve them is to express
the solution in terms of a gauge group element g = g(Z], W, [3x2) that takes the

highest weight connection
A = V2 LV2 +WV3, A, =0, (3.39)

to 1) via the usual transformation law A — flg = A. The element ¢ that
transforms (3.39)) into (3.18)) is generated at the first order in g3 and linear order
in the algebra element by:
Ay = A& 1y) — x2As + O(p%)
- A(gga 77]9) + A(07 _M3x2) + O(u%)a (340)
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3. THE PHASE SPACE OF SL(3,R) BLACK HOLES.

with A, as a function of (€,7), given by with background fields (£, W)
instead of (£, W). From the second line in (3.40) it follows that A, generates
transformations of the kind on the (,5, W) and relate them with the new
parameters (£, W) by

~ ~ ~ 8 ~ 1 ~

where we have hidden the arbitrariness A(&,,7,) in (3.40), inside of the (£, W).
From the x5 flow equations (3.20)) and (3.41)) one is able to identify the parameters
(£, W) with the initial conditions

L=00 45,009 1 02), W=WO 4 W 1+ 0(2). (3.42)

The map induced by H, is then identified with the Hamiltonian evolution along
xo that recovers (£, W) out of the initial conditions ((3.42)).
Now we can apply (3.38)) to this specific case

A = gAg™' +gog7"!
= A+ a5 (845 — [As, A]) + O(13) = A + 2205 A =0 + O(113)
- 8 - 1
= A + X9 <—,U,3 <§£81’f] + 68%77) ‘/12 + 2,&3(91€‘/23 + .. ) + O(,ug)
(3.43)
Where by 0 we mean the analog of the variations (3.25), and again we have
hidden the arbitrariness A(é,,7,) inside the parameters A = A(¢,7). The last
line in (3.43)), together with the x5 flow equations (3.26)), allows us to identify the
parameters (£, 7) with the initial conditions (¢© + p5e® + O(12),n® + psn'® +

O(u2)). For later reference

=" 4 ,ugego) +0(u), 1=n" + psn'” + O(13). (3.44)

After imposing (3.34)), the explicit form of A (3.24)), (3.42)), (3.44) on (3.41)) and
(3.43), one finds the same relations gotten from the previous procedure, (3.36)).

This was expected a priori, since the latter approach is simply a way to encode the

x5 evolution in the element g. Additionally, it provides an alternative perspective
to understand the significance of the choice ((3.34)).
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3.4 Dirac bracket in the principal embedding

From 1) it follows that the differential of charge 6Q = [ d¢ tr(AJA) is not
invariant under a gauge transformations ¢g. In particular, the differential of charge

for (3.39) previous to the gauge transformation g encoding the x5 evolution, is:
5Q(E,7) = / dé tr(AdA;) = / dé (asi - ﬁm) , (3.45)
0 0

and picks up an extra pus dependence after the gauge transformation g is per-
formed. The choice (3.34]) is the one that cancels, up to trivial integrations of
total derivatives, this extra u3 dependence contribution to the final differential of
charge. The final result for the transformed charge, after functional integration
is performed, coincides with .

Notice however that the non residual gauge transformation g takes to a phase
space that does not include the (us3, i3) GK ansétze [33].

3.4 Dirac bracket in the principal embedding

In this section we compute the Dirac bracket on the phase space , on a
Cauchy surface at fixed t;. From there, we will check that they define an algebra
which is not isomorphic to W5. To make things easier we start by computing
them on a Cauchy surface at fixed x,. In this case the phase space is given by a

generic sl(3,R) valued function of x;

a(z1) = Ay, Vi = A"V,
V;z = (‘/127 ‘/027 V—217 VY237 ‘/137 ‘/037 V—Slu V32) ) (346)

We start from the Kac-Moody algebra (3.13]) and proceed to impose the following

6 second class constraints
Ci = (A% - 17A37A§7A?7A87A31>7 (347>
onto it, but first we choose the integration constants to be

£ = 2WwO 4 22,9,WO),
1 1
WO = O _ 631%(0) —aig (16£©0, L0 +9360) , (3.48)
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precisely as in (3.29). From now on, to save space we will not write down the
explicit tg dependence but the reader should keep in mind that the full result is

recovered by making the substitutions

£O S £O 4t WO 4 O(42),

1
WO - WO 4 pstos (16£©9, £ + 53LO) + O(143), (3.49)

at the end. The constraints (3.47) define the Dirac bracket

{A%(21), A1)} p = {A%(21), A"(y1)}ps — ({A%, C}pM{C7, A} pis) (21, 91),

(3.50)
in the reduced phase space with configurations A% = (£L© W), The object
M;;(x1,91) is the inverse operator of {C*(x1), C?(22)}pp, whose non trivial com-

ponents are computed to be

1 1 1
M12 — 55171111’ M21 - _M127 M22 - §ax15m1y17 M36 = _153311117
1 1 1
M45 - 55111/17 M46 = —Eam(smyu M54 = _M457 M55 = ﬁaxl(sxlyl’
1 1
Mss = _Z(L(O)éﬁyl - 68515301?/1)7 Mgz = —Mse, My = Mg, Mes = —Mse,

1 1
Mes = 4 <8$1L(0)5w1y1 + 2L(0)8x15w1y1 + 500 ) '

6 xr1 - T1Y1

It is easy to check that M;;(z1,y1) = —M;i(y1,21) as it should be. After some
algebra ((3.50)) takes the explicit form

1
{L(O)<y1>’ L(O)(ml)}D = am’C(O)dﬂﬁlyl + 2'5(0)89615551311 + 585159013117
{LO0), WO (z)}p = 20, W6, +3WO0,,6,,,,

1
WO (1), WO (21)}p = 6 (16£90,,L© + 82 £©) 6,,,, —
1 2 5
= (9(3;5(0) 13200 ) OrsOusys — 700, 8002, 81 —
5 1
6[4(0)8:3153311/1 - ﬂaglallyu (3'52)

where all the £ and W© in the right hand side are evaluated on z;. The
brackets (3.52)), define a W3 algebra at fixed light cone coordinate x5 Sliceﬂ for

!This is, when evolution along z is considered.
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3.4 Dirac bracket in the principal embedding

the phase space (3.18]) [53]. Notice that in this case, the u3 dependence is implicit
in the fields through the redefinitions ([3.49)).
Now we go a step forward to compute the Dirac bracket on a Cauchy surface

at fixed time ¢y. This time the constraints will look like

Ci = <A§ AR Ay A AD — 2t A gugalz> 3
and the corresponding first order in p3 corrections to are
M, = éam, M = —%amaml, Mg = 02y, £ + ié‘iﬁxlyl,
M213 = _%5111117 M214 = éa:m&myu M215 = _gémlylL(O) - iai1éxlyl7
M216 = g(sxlmaxya(o) + ;axl(sdflylﬁ(O) + %aildmyn M312 = —M213, M411 = _M1147
M412 = M2147 Mgl = M1157 M§2 = —M215, M516 = _éémlylw(0)7 M611 = _M1167
Mg, = g(smlaxlﬂm + gaxlamﬂm - %agl(sm, Mg = — M,
Mg = —%5zlylaxlw<0> — gaxﬁmww (3.54)

Again it is easy to check that M}(z1,y1) = —M};(y1,1). From (3.50), (3.51)
and (3.54)) we compute the corresponding Dirac bracket. They can be checked to
obey the compatibility property {C?,...}p = 0.
The corrections to (3.52)) are given by
{L(O)(yl); L(O) (x1>}D = ...+ 2:“’38961W(0)6x1y1 + 4M3W(O)az15x1y17
8 1
{L(D) (y1)7 W(O)(xl)}D = ... U3 (gL(O)aﬂvlL(O)éﬂﬁlZﬂ + 68215(0)511241—’_
13 4
?L28&115:€1y1 + gailﬁ(o)awl(;xlm_’_

25 11 1
Eam[’m)azldwlm + ?L(O)agl(;xlyl + _85 J ) )

3 xr1 - T1Y1
44

_L(O)W(O)8x15x1y1+

22
VO WO} = o= g (500 (WOLO)o +

3
3 147(0) 10 5 0)
0y W04, +§ar1w Oy Opyyy +

8
48331W(0)8315$1y1 + gW(O)a§16$1y1) )

(3.55)
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3. THE PHASE SPACE OF SL(3,R) BLACK HOLES.

and cannot be reabsorbed by a general analytical redefinition at first order in us
L—L+usll,w W—W+ Wy, (3.56)

where the (,Cgo) hom? W§°) hom) € given in the first line of . So the fixed time
Dirac bracket algebra (3.55)) on the phase space (3.18) is not isomorphic to Wi.
However as we will see (3.18) can be embedded in a larger phase space whose

constrained algebra at fixed time slices is isomorphic to W?fz).

3.5 Dirac bracket in the diagonal embedding

As promised, in this section we first review how to embed the phase space
into a larger phase space with gravitational sl(2,R) diagonally embedded into
sl(3,R). Thereafter we compute the corresponding fixed time Dirac bracket al-
gebra and show that it is isomorphic to W?)(Q).

First we redefine our generators as

1 1
JO = 5%27 Ji = iévﬁm (I)O = ‘/[]37

1 1

V8 V8

with the non trivial commutation relations being;:

G(;) == (vtx21p), a9 = (V2 £2V3), (3.57)

ol

[Ji7 J]] = (Z - ])J’H-]a [Jla q)O] = 07 [‘]7,7 Gg’f)] = (% - m)G(a)

+m>
3

(@, G = aGW, [ G = Jppn — 5 (m—=n)®, (3.58)

withi=—-1,0,1, m = —%, % and a = +. The J’s denoting the si(2, R) generators

in the diagonal embedding. After the shift p — p — 3log(us), the space of flat
connections ([3.18]) can be embedded into

_ @Y L oer ey ) A
A = yg<\/§(c:é +6y") 5 (974977 V33 (G +a ))
Ay = 2J, +257GT) + 26 G + V69D, + 27T, (3.59)

2

[ I

N|=
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3.5 Dirac bracket in the diagonal embedding

_1
where v3 = s * and

2 3 2 3
Gt = %_ué (0.6 +6W), 5~ = —%u; (0,6 — 6W),
2 1
g = \@W,L, T' = 13018 +687). (3.60)

To obtain the previous phase space (3.18) out of (3.59), one must impose
restrictions on the latter. This is, relations (3.60|) imply the constraints

Gt -G — f = ——03=0, T+ \/% = (afg + 1/§\/§32) =0, (3.61)
3 3

which are not compatible with the equations of motion

£ _ B (ep 4 = t_g-
Gt = ;2\/5(63 i\/6623+47),313—\/§1/3(9 57).

T = —u <\/§ (5 -9+ % (325 + 829+)) : (3.62)

and hence they define second class constraints on the corresponding phase space
of solutions. We will not impose them, in fact they are non perturbative in vs.

The gauge parameter of residual gauge transformations for (3.59))
A = 20, Jy + 200 GT + 20, G + V6Ag, P
2 3 2
1 1
+ (_ﬁaQAJJr) Jo + (—9+AG(1_) - 9_AG(1+) + QT/AJ+ + 18§AJ+> J_
2 2
2 2

+ (—\/EHAGI +26)A,, + 32AG<1—)> G4,

(3.63)
define the variations
1

(5AJ+‘I’ = Aj, 0T +20,A;, T + —63AJ+,

Ong,d = Oala,, Oa +) \/_AG(+>9 5AG(1,)3 = \/BAG&—)SJU
5AJ+9(i) = OA; G+ §AJ+329(i) + V67,35,

3 1

5AG+ § = (27’ + 332 - \/;823> AGT - \/6382/\(;? + 5321\0? (364)
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3. THE PHASE SPACE OF SL(3,R) BLACK HOLES.

and the following differential of charge in the case of x; evolution

0Q = /d:cgtr (Ad0As) = /da:Q (AJ+d‘J'— Ao, dd — AG(;WZSJr — AG(1+)d9) )
i © (3.69)
We could now repeat the Regge-Teitelboim analysis done for the case of the
principal embedding to this case, but instead we choose to work out the Dirac
bracket algebra.
For the seek of brevity we will work at t; = 0, but the conclusion of this
computation remains unchanged at any other fixed time slice. The difference
being that the charges will carry an explicit ¢y dependence as in the previous

case. At ty = 0 the Cauchy data at first order in v3 can be written in the form

A = 24A4dd = (Ayday + Agyday)
= (274 + vVau (G + 61)) 4257061 1257060

2

V650D, + 2T ) dé+0(12), (3.66)

by a choice of integration constants. Where

0 _ g0 _ V3, 40 G0 _ g0y _ L, (57O + ). (3.67)
5 , . .

2v/2

Again, we remind that by super index (0) we refer to the initial conditions of
the system of x; evolution equations ([3.62). Some comments on notation are in
order. Let the components of A in the W3(2) basis 1) be denoted again by A,

with a = 1,...,8 and the ordering corresponding to

2

AR el Nels NN} (3.68)
At this point, we impose the four second class constraints
Ci = (Al, A2 — 2, A7 - \/§V3, Ag — \/§V3> s (369)

on the phase space (3.66)) endowed with the algebra (3.13)) written in the basis
(3.68). Notice that we shall not impose at this point the second class constraints

coming from (3.61]). As already mentioned they are non perturbative in vs.

76



3.5 Dirac bracket in the diagonal embedding

Next, is straightforward to compute the Dirac bracket (3.50]). For complete-

ness we write down the non vanishing elements of M;; in this case

1 1
m512y27 M34 == _M43 == 55223;27

M13 = _M31 = M41 = _M14 =

1
Mll = gaxz(sxzyz; M12 = _M21 = -

Vs
4—\/55902@,2, (3.70)
from where we can check explicitly by using (3.50]) that {C*,...}p = 0.

The algebra in the reduced phase space will depend on 5 explicitly, but after

implementing the change

i .1
=G0 - ?ugﬂ(o), T =T = (@040, 3

we obtain the undeformed Wéz) algebra:

+(0
9V3( )

! , " 1
{TV(SO) (y ) V30 ($2)}D - TV(:SO)(SxZZUQ _'_ 28%271430 5:132192 _'_ §8w25x2y27
{09(12), 3 (x2)}p = bray
{09(12), 52O (22)tp = £V6GE V0,
{TL(?’ (y2) 93:3 ($2)}D - 838291:1:30 6272?!2 + 91:/‘:3 am25r2y2 :t \/_3 0)9i x2y27

{957 (w2). 5., (w2)}0 = —(27L‘;+33£2>2—\@0@3,&?> Oz

+\/631(/(3),) aﬂﬁz 59&23/2 - aig 551?2y2 )
(3.72)

that agrees precisely with the signature of charges in and the transforma-
tion laws . The most canonical form can be achieved by the usual redefini-
tion of energy momentum tensor ‘J'l/,(s) — ‘J'(O) + %31(,2) ’ that makes G;_LS(O) and 352)
primaries of weight % and 1 respectively. It is then proven that the fixed time
asymptotic symmetry algebra of the space of solutions is W?EQ) at first order
in the parameter v3. However, it would be strange would this not be the case at
any order in vs.

Notice that does contain the (us, fi3) higher spin black hole solutions [33]

(of course, after performing the shift p — p — 1 log(y3) on them), as zero modes.
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3. THE PHASE SPACE OF SL(3,R) BLACK HOLES.

Thence, both families and can be used to define the charges of these
black holes. However, the two possibilities are not equivalent as we have already
shown that is larger than (3.18]) and thence the corresponding algebras
are not isomorphic. The family is the preferred one, as for it is
impossible to define a basis of primary operators for the corresponding algebra |I|

We make a last comment before concluding. Notice that should we have

worked with the following coordinates

= t%b, To = %, (373)

T
all previously done remains valid, up to dependence on %;. This dependence
only affects implicitly the Wém algebra through field redefinitions. The hs(\)
ansétze to be introduced in the next chapter [62], belong to (3.59) under
for the truncation to si(3,R) via the limit A = 3’| Thenceforth, in this case, the
corresponding charges are not of higher spin character.

In this study we will not attempt to meddle with the issue of asymptotic
symmetry algebras coming from generalised boundary conditions in the context

of hs(A). We hope to report on that point in the near future.

1One can define a quasi-primary field of dimension 2, as a Virasoro subalgebra can be
identified in ([3.55]), but the remaining generator can not be redefined in order to form a primary

with respect to the Virasoro one.
2However one should keep in mind the extra shift in the coordinate p — p — % log(y3).
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4

A class of black holes in the
hs(A) x hs(\) theory

In this chapter we argue that a given class of hs(\) x hs(\) flat connections do
have a space time interpretation as black holes. As a first argument, we resort to
the usual relation between connections and metric like tensor fields discussed in
the finite dimensional case in [32].

We start by writing down the generic form for the flat connections of interest:

‘AP = %2’ ‘[Lp = _VE)Q’

Ary =bApgb™", Apy=0bAsb7", (4.1)
with b = e %', b = ¢/, The generators and structure constants for hs(\)
algebra are listed in appendix [B.1} Let us denote our space-time coordinates as
(p,t,¢) and restrict our analysis to connections that obey the gauge choice
with A independent of z, = (t, ¢).

The relation between the connection and the space time tensor fields is:

1 _
g(n) = —Etr(en), e=A— ‘A7 (42>

with e being the dreibein. As a starting point we remind the condition:

et|p=0 = 0, (43)

required in order to have a smooth horizon at p = 0 in the spacetime tensor field
¢™. Under 1) each t component in ¢ will have a zero at p = 0 with the
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4. A CLASS OF BLACK HOLES IN THE HS(\) x HS(A) THEORY

appropriate order. By appropriate orders we mean those that make the corre-
sponding reparameterisation invariant quantities smooth at p = 0. For instance,

gﬁ") ~ p", and thence, it will be smooth after transforming to a regular coordinate

system about the horizon. In virtue of (4.1)) we can rewrite (4.3)) as:
At - At‘ (44)

From the flatness condition the ¢ components are constrained to be of the form:

Ay = P(A), Ay = P (AT (4.5)

where we take P and P to be polynomials in A; and A, respectively. The condi-
tion:
9™ (p) = g™ (=p), (4.6)
guarantees that all the components of g™ will be C* in the Cartesian coordinates
in the plane (p,t), with p thought as the radial coordinate. Condition
ensures smoothness for the ¢ at p = 0. As far as Euclidean conical singularity
is concerned, it will be automatically excluded by requiring fulfilment of the BTZ
holonomy condition [33]. See the paragraph before for more details.
Let us identify a sufficient condition on the connections (A, A) for (4.6) to

hold. Consider the generic connections:

Aa= D Vi, Aa= > e Vi (4.7)
(s,ms)

s’ms (S)ms)

Notice that the change p to —p in (4.7]) is equivalent to the change V,;S — V_smﬂ.
By inserting (4.7)) in (4.2)), and using the properties of the x-product, we can
notice that ¢r(e?) is invariant under the combined action of p — —p and any of

the following pair of Z, transformations:

I:¢, ()=, (¢,,,) AND/OR IxII, (4.8)

ms —Mms

! Tt could be the case that A; = P(A,) and not the other way around, but for our purposes
we stick to the case written above. In fact the most general case is Ay = Py(A) and A; = P,(A)

with a generic A € hs(\).
2Here we consider s = 1,...00, ms = —2s+ 1,...,2s — 1. So that under summation the

indices s and mg are mute and can be renamed without lack of rigor.
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with the Zy II given by
e, ——c,.. (4.9)

—Mmg

Transformation I together with V) — V?  leaves the dreibein e, = A, — A,
invariant and therefore the trace of powers of e,. The transformation II leaves
tr(el) invariant but generically not the dreibein e,.

A trivial (even) representation of (A, A), under is sufficient condition
for (4.6). Should some components in (A, A) not remain invariant under the
Zs 1 or IXII, but carry a non trivial (odd) representation under any of them,
then the corresponding component of the dreibein e will carry a non trivial (odd)
representation too. Condition (4.6 will thus imply that traces involving an odd
number of such components must vanish.

Let us analyze the particular case of the BTZ connection

_ 1 - 1
At = At = —a, A¢ = —A¢ = —a, (410)
2 2
where
a=VZ+MV?,. (4.11)
From now on, for simplicity, we will choose the value M = —1, which locates the

horizon at p = 0. For later use we define ay, = bab™.

The ¢ component of the pair (A, A) remains invariant under the transforma-
tion II whereas the ¢ component is odd. However the ¢ component is also odd
under I and so even under the composition Ix II. Finally, the following symme-

tries of the corresponding ¢t and ¢ components of the dreibeins

1
€ = §(a'p - a—p) = AT x I —evens
1
ep = i(ap +a_,) = a1—even, (4.12)

imply that holds for the connection . We can still get further informa-
tion from symmetries. As e, and e, are odd under I, any tensor field component
with an odd number of ¢ plus ¢ directions, vanishes. As e, and e, are odd and
even respectively, under II, any tensor component with an odd number of ¢ com-
ponents vanish. Finally, what said before implies that any tensor component with

and odd number of ¢ directions vanish too.
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4. A CLASS OF BLACK HOLES IN THE HS(\) x HS(A) THEORY

Much of what was used for the BTZ case before, holds also for generic con-

nections. Specifically:

e Any pair of connections (A, A) that carries a trivial representation under I
or I x II, will define metric-like fields obeying ({4.6]).

Additionally, one can argue also for a necessary condition for to hold.
Let us suppose that a pair (A, A) contains a part (A" A™P) that satisfies the
conditions above, and a part (§A4,5A) that does not, but still defines metric like
fields which are even under p to —p. In that case the term (6A — d.A) should be
orthogonal to itsel, its powers, and powers of the generators in (A™P — A"P)
(This is possible to find, for example V;} is orthogonal with itself and its powers).
Should this not be the case, the term (6.A — 6.A) would give contributions which
are not even in p (based on the invariance property of the trace mentioned above).
However, if (AP —A"P) contains all of the si(2, R) elements, Vi, ,, it is impossible
to find a set of generators in hs(\) that is orthogonal to every power of them. In
that case, symmetry under any of the Z, transformations in the maximal set, out
of the ([&8), (I, I x II) for any (s, m,)Pis also a necessary condition for (4.6).

At this point we specify our class of connections:

At:At:Pt(a)a
1

_ 1
Ap=ga+Byla), Ay=—ga+Fa), (4.13)

with P, Py and P, being arbitrary traceless polynomials of the form

Py = Z“i+3 (a** — trace ), P, = Zﬂi+3 (a** — trace ).  (4.14)
=0 =0

Notice that (4.14)) obeys (4.3) and that P, and Py are selected in such a way that

gt¢ = 0. We also choose the components g,; and g,4 to vanish. In particular (4.14])

! The orthogonality is meant with respect to the trace operation in hs(\).
2Notice that there are many possible Zs’s. The number grows exponentially with the num-

ber of generators in (A —.A). The calligraphic letters indicate the full connection, p component
and p dependence included.
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reduce to the non rotating BTZ,,—_; connection in the limit vy = %, Viso = 0,

and vanishing p;, j1;. Now:

e The transformations of a, the corresponding deformation polynomials (Pp(a),
Py(a), Py(a)) and the p components +ViZ under I in (4.8), are odd, even,

odd and even respectively.

e In virtue of properties of the x-product, the traces with odd numbers of a
and P;(a) with any number of insertions of ViZ and (Py(a), Py(a)), vanish,

and so all non vanishing traces are even under I and henceforth even under

p— —p.

We conclude that the ansatze give rise to spacetime tensor fields that obey
. In fact we explicitly checked to hold up to arbitrary higher order in
n and the order of the polynomials P and P.
In the near horizon expansion, ¢(®, the line element defined by , will look
like:
dp?

1
- ﬁpzdt2 +...=prdv® + §d,0*dv +..., (4.15)

with v =1 — %log(p) +...and p* = %pz + ... being coordinate redefinitions that

are going to be useful later on when analyzing fluctuations. The ... denoting

higher orders corrections in p. The temperature:

1 1
V3t ([Pa), V@) I

defines the thermal periodicity under ¢t — t + wT".

T (F)

(4.16)

We will focus our study in the cases vy = %, Viso = 0. These are solutions that
obey the usual BTZ holonomy-smoothness condition as the temporal component
of the connection coincides with the BTZ one with M = —1. This implies that
not only the eigenvalues of the time component of connection are the same as

BTZp;—_1, but also that the holonomy around the contractible euclidean time

'From the positiveness of the traces tr(VQ%fLSHV_QSms_l), see , in the interval 0 < A < 1
and the fact we have chosen odd powers of a in P; it follows that the quantity inside the roots
in and is a sum of positive defined quantities and hence positive defined. We stress
that we restrict our study to the interval 0 < A < 1.

83



4. A CLASS OF BLACK HOLES IN THE HS(\) x HS(A) THEORY

cycle coincides with the BTZ case, since the euclidean periodicity, determined by
the temperature T’ (%a) = 2, is the same as for the BTZy,—_;.
However before going on, let us comment on the possibility of arbitrary v;.

The euclidean smoothness condition is:

To solve for (4.17)) we use the fact that miP(a), with P(a) an arbitrary polynomial
in a with arbitrary integer coefficients, are known to exponentiate to V' in the
region 0 < A < 1, see [63].

Then relations reduce to find out the v; such that v, T(F;) are integers.

To study this quantization conditions it is useful to write down P, in the basis

s—1
s— 1 s—1 s s—
ay ' = ﬁ <_1)t ( t ) ‘/ts—l—% ~ (CL 1){‘/72?5_}07 (418)
5 t=0

t=

where N, is a normalization factor, chosen in such a way that: ((a%7')?) = 1. We

get thus

P(a) = Z Vi - . v = Moy, (4.19)

where the linear transformation matrix M is upper triangular. In the appendix
we present the explicit form for M, , for the case o1 # 0, with
i=0,...,4. An important property to use is that the eigenvalues (the diagonal
elements) of M can be checked to be larger or equal than 1 in the range 0 < A < 1
until arbitrary large .

The desired quantization conditions can be written as:
viT(P,) = (M%) cos0° = n;, (4.20)

with cos 6§® = V—lQ and n; an arbitrary integer. The condition for the quan-
s (V1

tization relation (4.20]) to admit solutions is:

3 (M.n)*=1. (4.21)

s=1
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In appendix we show that the property of the eigenvalue of M mentioned
above excludes the presence of other solutions to the consistency condition (4.21])
in the region 0 < A < 1, apart from the trivial one, ng = 1 (g = %, Viso = 0).
Here we just continue with the cases that are continuously linked to the BTZ
connection in the limit p;, fi; to zero. Namely vy = %, Viso = 0. The requirement
of the BTZ holonomy condition will guarantee the absence of any possible conical
singularity in the tensor like fields as the dreibein itself is thermal periodic.

Generically, (4.14) will define asymptotically Lifshitz metrics with critical ex-
ponent z < 1, except for the cases in which the contributions out of the deforma-
tion parameters p;, ii; will not provide p dependence. An example being when
fii =0 (or p; = 0) in which case the only contribution to g, comes at quadratic
order in p;(or fi;) but it is independent of p due to the cyclic property of the
trace. In those cases the metric becomes asymptotically AdS.

To summarize, (4.14]) will define metrics of two classes:
e Generically Lifshitz metric with z < 1.
e AdS metrics when pg; = 0 (or fig; = 0).

This classification relies on the definition (4.2)). For instance the line elements
coming from (4.2)) for the cases us # 0, i3 = —ps # 0 and i3 = pz # 0 look like :

16(\? — 4
dsfy, o = dp® —sinh?p dt* + (Cosh2 p+ %u?,) d¢?,
1
< 1.2
s sy = dp? —sinh®p dt* + 0 (12 (N* — 4) p3 cosh(4p)
+5 (4 (X — 4) p3 + 3cosh(2p) + 3)) do?,
1
ds?% us) = dp* — sinh? p dt* + R cosh®(p) (=8 (A% — 4) 3 cosh(2p)
+8 (A\* —4) 5 +5) do.

(4.22)

The first line element in (4.22)) behaves asymptotically as AdS; and shows a
smooth horizon at p = 0, while the last two cases are Lifshitz metrics with

dynamical critical exponent z = % < 1. Should we have turned on a higher spin

1

i deformation, the parameter z would have decreased like z = 1—11, S
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4. A CLASS OF BLACK HOLES IN THE HS(\) x HS(A) THEORY

The bulk of the present chapter, section [4.1, will be devoted to the study of
matter fluctuations around the connections , which are not just gravita-
tional but involve also higher spin tensor fields turned on. This further analysis
will confirm the expectation that these backgrounds truly describe black holes,

through the “dissipative” nature of matter fluctuations we will find.

Before closing this section, we make contact (perturbatively in u3) with other
relevant backgrounds studied in the literature recently. More precisely, we look for
static gauge parameters (A, A) (independent of z; 5), that transform to the
GK [33] and BHPT?2 [2][64] backgrounds. Notice that these gauge transformations
will not change the eigenvalues of the components (A; 2, Aj3) of the connections
because they are just similarity transformations. The two classes of backgrounds

we want to relate ours, are described by the following connections:

A = VP4 LV WV + 2V + . Ay =) pgs (AT — traces)
=0

A = VE+LVE+LWVR 2V +..., A= Zﬂi+3 ([l’;r? — traces ) .
=0

(4.23)

Our parameters (u;, fi;) will be identified precisely with the chemical potentials
in (4.23)). In our approach the charge-chemical potential relations [33, [65] are
determined a priori by the condition 1y = %, viso = 0. Namely, after applying
the gauge transformations (A, A) the charges £, W and Z will be already written
in terms of the chemical potentials (i, fi;). In this way one can generate GK, and
BHPT?2 ansétze with more than one (u;, t;) turned on, and with the holonomy

conditions already satisfied. However, with the choice vy = =, ;59 = 0 one can

5
only reach branches that are smoothly related to the BTZy;—_;.
Taking r1 = x5 = x, and z9 = x7 = x_, we recover the GK background, whereas
for x1 = x71 = ¢ and xy = x5 = t we get BHPT2.

For later use, we write down the particular gauge transformations that takes

the representative with non vanishing p3 = —pi3 into the wormhole ansatz for
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4.1 Equations for fluctuations

GK’s case. They read, respectively, to leading order in pu3 = —fis:
5 —p1/3 P13 2
Agr = p3 —3e V2 +ePVe | + commutant of a, + O(u3),
- 5
Ak = ps (epV_S1 - geﬂ/l:s) + commutant of a_, + O(u3). (4.24)

The holonomy conditions are satisfied a priori and so the corresponding charge-

chemical potential relations are as follows:
_ _ 8 _

For BHPT2, namely when the chemical potentials are turned on along the ¢
direction and the asymptotic symmetry algebra is the undeformed W) x W,

[64, [66], they are given by:

Apuprs = 2Agk +O(u3),
/_\BHPTQ = QAGK—FO(,U%) (426)

In this case the relations charge-chemical potential are:

, 16 .
L=L=-1+0(u3), W=-W=—ps+00s3), 2=2=0(s5). (427)

Later on, we will apply these transformations to the matter fluctuations in the
iz = —pu3 # 0 background in (4.14]).

4.1 Equations for fluctuations

In this subsection we show how to obtain the differential equations for the scalar
fluctuations over the backgrounds . Firstly, we review how this works for
the BTZ,/—_1 case. This will allow us to identify a strategy for the cases .

As mentioned in the introduction, the equation of motion of the master field

C in generic background connections (A, A) is simply the horizontality condition:

VC=dC+A+xC—CxA=0 with C =Y C; V5, (4.28)
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4. A CLASS OF BLACK HOLES IN THE HS(\) x HS(A) THEORY

whose formal solution and its corresponding transformation law under left mul-

tiplication (g,g) — (etyg, e‘_\g), are, respectively:
C=¢gCg ! and Can = eAC’e_/_\, (4.29)

where d€ =0 and C =) C: Ve,

The trace part of the master field C' and its transformation law are also:

Ca = (C’)|VO1 and Cé(/\,]\) = (e(A_]\)C’> |V01. (4.30)

The integration constant € is evaluated in the limit C‘g%l' In our cases (4.14)) g

goes to 1 at the points (p, z,) = 0. However notice that these points are located
at the horizon p = 0 of and, as we shall see, many of the components of
the master field C' will diverge there.

Our aim is to “fold” for our ansatze (4.14]) with vy = %, Viso = 0.
By “folding” we mean the process of expressing every C;, in terms of C; and its
derivatives, and finally to obtain a differential equation for Cj. For such a purpose
we start by reviewing how this process works for the simplest case, BTZy,—_1,
and in doing so we will discover how to fold the matter fluctuations in the case
of the backgrounds (4.14]).

We start by proving that for BTZy,—_; every higher spin component C;, , can
be expressed in terms of dy derivatives of C} and C?. Using the explicit forms

for g and g in this case:
C=e w"C(p)e 4. (4.31)
It is easy to see that:

0:Cp = —(ax,C)] s ~ —(e7CF — €7°C2y), (4.32)

from where (C.15)) of the Appendix|C.3|is immediate. By (...) |V1 we denote the
0
coefficient of V' in (...).

Now we can repeat the procedure at second order in + derivatives of C}. At

this stage we can write down three combinations:

0%, 92, 0 _,
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4.1 Equations for fluctuations

which would generate the following quadratic relations inside the trace element:

ai = Vi+e?VE -2V} +e V3, (4.33)
a2, = Vi4e VP =2V 4V, (4.34)
a,a_, = cosh2p(Vyl —2V3) — 2sinh 2pVi2 + V33 + V3, (4.35)

where V! = > 3_1)1/01.

Equations (4.33), (4.34) and (4.35)), allow to write down C?,, C3 and C3 in

terms of

(03Cs, 92C5, 93G5, CF)
so that one arrives to the relations (C.17) and (C.19).

Proceeding this way, we see that at the level s = 3 we can still use first

derivatives acting on Cg:
0,CF = —(‘/026L,,(])|V01 and 0_Cf = —(a_pVOQC’)|v01. (4.36)
Then, if we use:
1
Via, = —§(epV12 +ePV2) — e PV3 + eV, (4.37)

a_,Vy = = (ePVP4e’V?) — e V3 +e V7P, (4.38)

DN | —

on both equations in (4.36)), together with (4.32)), we get the spin three compo-

nents C3, in terms of:
(0:Cy, 0-Cy, 0,C5, 0_C3),

as shown in ((C.18)).

Now we show how this process of reduction works at any spin level s. First
we remind some useful properties of the lonestar product. Let us start by the
generic product

Vi« Vi

mo?

that will reduce to a combination of the form:

Vortsa-l | ysiteleg | ylmbmaltl (4.39)

mi+ma mi+mo mi+mao
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4. A CLASS OF BLACK HOLES IN THE HS(\) x HS(A) THEORY

where we are not paying attention to the specific coefficients, which will be used
in due time. The index j goes from 0 to s; + s — 2 — |my + my|. From it
follows that the products: V5t xa and a + V3!, with a = Vi — V2, will contain

combinations of the form:
Vol + Vet (4.40)

where the ... stand for lower total spin s contributions. For our purposes only
the highest total spin generators are relevant.

Furthermore, for any chain of 2s — 1 generators with even spin 2s and even

s—1
projections, > V2% + ..., further left or right multiplication by a will change
m=—s+1

it into a chain of 2s generators Z Vistl + ... at the next spin level 25 + 1. As

m=—s
a consequence, arbitrary powers of a look like:
S
a* = E Vot 4.0 and o®t! = E Vot .. (4.41)
m=—s m=—s—1

From and (4.31), it follows that each d; derivative acting on Cj is
equivalent to a left or right multiplication by —a., inside the trace. In particular,
taking 2s of these derivatives on Cj is equivalent to take 2s powers of ta, inside
the trace.

The number of different derivatives of order 2s denoted by: 9%* is 2s+1. This
number coincides precisely with the number of components with total spin=2s+1
in the first power of . So one can use the 2s + 1 relations:

030y = (a¥ ‘vo“ (4.42)
to solve for 2s + 1 components of C"
[C35H) with m = —s, ..., s, (4.43)

in terms of components with lower total spin and their & derivatives.
One can always solve equations (4.42) in terms of (4.43]) because the set of
symmetrized powers of aftsp (more precisely, their components with the highest

total spin) will generate a basis for the 2s + 1 dimensional space generated by:

[V2H] withm = —s — 1,...,s.
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4.1 Equations for fluctuations

In order to prove this statement, we take the large p limit. In this limit a given
symmetric product a?* with 2m, plus signs and 2m_ = 2 (s — m, ) minus signs

reduces to a single basis element V;ﬁn By So, the set of all possible symmetric

+—m
products a? span an 2s + 1-dimensional vector space. Consequently the system
of equations (4.42)) is non-degenerate.

Similarly, increasing the spin by one, one can solve the 2s 4 2 relations:

Y = (a0, (4.44)
for the 2s + 2 components
[C3ef2] with m = —s —1,..., s, (4.45)
in terms of lower spin components and their 4 derivatives.
Summarizing, what we have done is to use the identities:
0p = —ayx,,  O0_ = —a_,*g, (4.46)

with left x; and right xz multiplication inside any trace. Notice that in Fourier
space (—i0y, —i0g) = (w, k) the master field is an eigenstate of the operators
on the right hand side of . This will turn out to be a crucial observation,
and it will be useful for later purposes, but for now we just use to solve for
every component of Cy, with (s, m,) being points in a “semi-lattice” with origin
(1,0) and generated by positive integral combinations of basis vectors (2,1) and
(2,—1). From now on we will refer to this particular “semi-lattice” as I and to
the corresponding set of components of the master field C in it as C7.
In exactly the same manner one can show how the set of powers

astVia®, (4.47)

—p>

with s = s, + s_ + 1 spans the complementary “semi-lattice” of spin s + 1
and projection mg = —s + 1, —s + 3,...,s — 3,5 — 1 generators. Namely the
“semi-lattice” with origin at (2,0) and positive integral combinations of (2,1)
and (2,—1). We refer to it as II, and the corresponding components of the
master field C, C!!. More in detail, this means that we can solve the s relations:

00 CF = (—1)*+1s- (a‘i‘p%QaffC) (4.48)

[y
VO
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4. A CLASS OF BLACK HOLES IN THE HS(\) x HS(A) THEORY

for the set of components in C’! with highest spin= s + 1 and projections m, =
—-s+1,—s+3,...,s—3,s— 1.

e In conclusion, equations (4.42)-(4.45) and (4.48]) allow to solve for every

components of CT and C'! in terms of C} and C? and their derivatives

along + directions.

Finally, the Vj'-dp component of ([4.28)) gives C3 ~ 9,C) and the ViZ-dp com-
ponent of (4.28)) will determine the differential equation DyCj = 0 with

Dy =0- (N -1), (4.49)

being the Klein Gordon operator in the BTZ,,—_; background, for a scalar field
with mass squared \? — 1.
Now we go back to our case vy = 3 v~ = 0. Here the ¢ component of (4.28)

is the same as for the BTZ;,;—_; case and so we use it as before
atc(;?n_si_l - Cj’ls + C;S_,’_Q + ceey (4.50)

to solve for the highest spin, with the lowest spin projection components (s, ms).
The dots refer to components with lower total spin and we have omitted precise
factors. That is, we solve for all components in C? and C*! in terms of the line

of highest weight and its contiguous next-to-highest weight components, namely:

Cstand C#*? with s = 0, ..., 00. (4.51)

Next, Oy ~ a'te= + Jower powers, and therefore from (4.41]) one can prove that
the use of the d¢ component of the equations (4.28)) reduces the set of independent

elements in (4.51)) to:

Cstand €12 with 0 < s < Spae, (4.52)

with $,,q: + 1 being at most §,,4, + 1, the maximum value of the power in the
polynomials (P(a), P(a)), that determines the ¢ component of the connections
(Ag, Ay). Notice that for some configurations in (4.14)) there are degeneracies

and the number of independent components decreases in those cases. In fact
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4.1 Equations for fluctuations

Smaz determines the degree of the differential equation for C} (or equivalently
the number of p-components one has to use to close the system) to be given by

2 (Spmaz + 1), after the p components of the equations of motion are imposed.

4.1.1 Solving the matter equations of motion

In this subsection we show how to proceed for the simplest cases, and later on
we prove in general that the equations of motion for scalars in (4.14)), can be
expressed in terms of simpler building blocks. Let us start by explicitly exhibiting
the solutions for matter fluctuations in the case of the backgrounds with us # 0.
Firstly, we determine the differential equation for C} by using the procedure
outlined in the last paragraph of the previous section. In this case s, = 1
and we get a differential equation for C} with degree 2(spee + 1) = 4 in p. It is

convenient to Fourier transform from (¢,t) to (k,w) for the fileds C5, :
Crlpst, 0] = '™y [p). (4.53)

The final form of the equation for C} is given in (C.13)), here we will be somewhat
schematic. After the change of coordinates p = tanh™' (\/Z) and the following
1-\

redefinition of the dependent variable C[z] = 272" (1 — 2) 2" G[z] one gets a new

form for the original differential equation:
D4G[z] = 0. (4.54)

The differential operator Dy, whose precise form is given in ((C.13|), has three
regular singularities at 0,1 and oo with the following 4 x 3 = 12 characteristic
exponents:

ab=(0,iw) ol =(0,)  aw=(8",6])
aff = (L1 +iw) ofl = (L,14+)) @u = (2,87),

where:

0y = % +0g (u3), oF = 172%%\ — 0y (p3),

07 =152 465 (ua), 62 = 1222 5 (), (4.55)

!Notice that this implies that z lies in the positive real axis.
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4. A CLASS OF BLACK HOLES IN THE HS(\) x HS(A) THEORY

and:

—344/9-36iu3(w+k)+12p2(A2-1)
0 () = Y P (4.56)

Notice that d4 is regular in the limit of vanishing p3 whereas d, is not.

For a Fuchsian differential equation of order n with m regular singular points
the sum of characteristic exponents is always (m — 2) x @ [67]. Tt is easy to
check that in our case n = 4, m = 3 the sum of characteristic exponents is indeed
6. An interesting case is when n = 2 and m = 3 in that case one has m x n =6
characteristic exponents whose sum equals 1. Conversely, it is a theorem that any
set of 6 numbers adding up to 1 defines a unique Fuchsian operator of order n = 2
with m = 3 regular singular points. It is also a theorem that such a sextuple of
roots defines a subspace of solutions that carry an irreducible representation of

the monodromy group of D,, and hence a factor Dy [67]. Namely:
D, = D%_,D}, (4.57)

and DL , is also Fuchsian and the L and R denote the left and right operator,
respectively, in the factorisation.

Before proceeding, let us review some facts that will be used in the following
[67, 68]. The most general form of a Fuchsian differential operator Dy once the
position of the regular singular points are fixed at 0,1, 00 and a pair of charac-

teristic exponents is fixed to zero, is:

2

d d
D, Ey(y—1)d—y2+((a+b+1)y—c)@+ab. (4.58)

The characteristic exponents are:
ap=(0,1—c¢), ag = (0,c—a—"b), ax = (a,b). (4.59)
The kernel of Dy is generated by the linearly independent functions:

ul(CL,b,C‘Z) = 2F1<a7 b,C‘Z),
AR (a+1—cb+1—¢,2—cl2), (4.60)

2 Cuy(a, b, c|2)
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4.1 Equations for fluctuations

which are eigenstates of the monodromy action at z = 0. The second solution is

independent only when ¢ is not in Z. The monodromy eigenstates at z = 1 are:

t1(a,b,clz) = oFi(a,b,14+a+b—cll—2),
(1 —2)"ay(a,b,clz) = (1 -2 yF(c—a,c—b1+c—a—>b|l—2),
(4.61)

when ¢ — a — b is not in Z. In a while we will see that c —a —b = \.
Our operator D, does have the properties mentioned in the paragraph before
(4.57)). In fact each one of the set of characteristic exponents:

(Oéé, CK{, am) )

(o, of, A , (4.62)
adds up to 1, and hence defines the second order Fuchsian operators:

Dg : a’:(si(ufi)? bzéi_(ﬂ?;)? Czl_iwa
DE . a=0,(us), b=0_(p3), c=1—1w. (4.63)

As a result D4 has two independent factorizations:
Dy = DEYDE and D, = D¥DE, (4.64)

as one can check explicitly. Consequently we have:
kerD, = ker Df EB kerDE, (4.65)

where ker D is given by the hypergeometric functions u; and u, given in ,
with the parameters a, b and ¢ defined in (4.63)). This proves that the fluctuation
equation in the background pz # 0 is solved in terms of four linearly independent
hypergeometric functions, which, from now on we refer to as “building blocks”.
One can explicitly verify this factorization pattern for the next background,
with pus, pus # 0. In this case spq = 3 and the corresponding differential oper-
ator Dg, has order 8, and is again Fuchsian with 3 regular singularities in the z
coordinate system previously defined (we always place them at 0, 1 and co). The

characteristic exponents are:
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4. A CLASS OF BLACK HOLES IN THE HS(\) x HS(A) THEORY

ozé (0, iw) oz{ = (0, ) al = (6T 01)
ol = (1,1 +iw) = (1,1+)) a” (65,01 )
a{)H (2,2 +iw) @{H (2,24 )) aIH (6=F,671)

= (3,34 iw) =(3,3+ 1)) o/v (6=7,077),

where for each of the couples of exponents a., the following property holds:
655 (3, pis) + 05 (s, pts) = 1 —iw — X As a consequence there are four triads of

characteristic exponents whose sums equal 1 :

e} o

(af, of, o2I1) . (af, af, o). (4.66)

(ag, of, o), (g, a1, all)

Each of them defines a second order “Hypergeometric operator” as in (4.63):
DIE DUIR DUIR nq DIVE
such that

kerDg = ker D1 % @ ker DI @ ker DT E @ ker DIV E.

In fact there is a simple way to prove that the above pattern generalizes, show-
ing that the solutions of our higher order differential equations can be expressed
in terms of ordinary hypergeometric functions, for all of the representatives in
(4.14). The point is to use the fact that the Fourier components C(w, k) of the
full master field C(t, ) defined by the arbitrary polynomial P, and P,, are eigen-
states of the operators in the right hand side of:

—Qp k[ TA_pxR

at: )

9y = — (% + P¢(ap)> — (% - P¢(a_p)> R, (4.67)

with eigenvalues (iw, ik) respectively. The same can be said of the trace compo-
nent C3(w, k) but in this case, the left and right multiplication are equivalent by
cyclic property of the trace. As the operators on the right hand side of (4.67)) are
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4.1 Equations for fluctuations

polynomials in a4,, they share eigenvectors with the latter. But as we pointed
out around (4.46)):

i(w' + k/)CBTz(w/, /{Jl) = —(lp * CBTz(w/, k'/),

Z(k‘l — w')C’BTZ(u/, ]{3/) = —a—,*R CBTz(w,, ]{Z/), (468)
where Cgry is the master field for the BTZ,—_; connection. So from (4.67) and
(4.68) it follows that:

Oé (w7 k) = CéBTZ (w/a k,)7 (469>
where (', k') are any of the roots of the algebraic equations:
w = W,
ik = ik’ — (Ps(—i(w' + K)) — Py(—i(K — w'))). (4.70)

Relations imply that the differential equation for Cj in the class of ansétze
(4.14) is always integrable in terms of hypergeometric functions F;. The num-
ber of linearly independent modes being given by twice the order of the algebraic
equations , which can be checked to be, 2(sprq:+1). Here sy, + 1 coincides
with the order of the polynomial equation for k' in terms of (w, k).

Summarising, the most general solution for fluctuations in (4.14)) is:
Ca(w, k) = Ze“‘“”k‘z’)(l - z)% (ci”z_%ul(ar, by, 1 —iw, 2)
T

t .
+ & 22 ug(ay, by, 1 — zw,z)) ,

—i(k +w)+1— A
2 Y

(K — 1—A
arEZ(T w;—l— , b, =

(4.71)

where k. are the roots of (4.70) and r =1,...,2(spas + 1).
For later reference we write down (4.71)) in terms of monodromy eigenstates
at the boundary z = 1:
Cilw, k) = Zei(wﬁk@zijw (1-— z)% (¢t (ar, by, 1 — iw; 2)

T

+ (1 — 2) s (ar, by, 1 —iw; 2)) . (4.72)
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As a check, let us reproduce the first result of this section by using this method.

For the case us # 0 the equation for k! are:

. .1/ \2 11—\
ik =ik, —ps | —(w+ k)" + 3 ; (4.73)

whose solutions are :

ikly = —iw — 6; (u3). (4.74)

This coincides with the solution one obtains from , as can be seen using the
definitions in the second line of . We note that only & is smooth in the
BTZ limit ps to zero.

As an interesting observation, we would like to draw the attention of the reader
to the fact that the boundary conditions for the most general fluctuation (4.71)
at the horizon and boundary, z = 0 and z = 1, respectively, are not affected by
the fact that connections and the corresponding background tensor fields
g™, defined as , do break the original BT Z);—_; boundary conditions!

4.2 QNM and bulk to boundary 2-point func-

tions

As anticipated, in this subsection we will further argue that the connections
describe a class of black hole configurations. We will do so by showing the
presence of Quasi Normal Modes(QNM). We will compute their spectrum for any
representative in and, in particular, more explicitly for the simplest cases
discussed in the previous section.

We start by recalling the conditions for QNM for AdS Black Holes [49]: they
behave like ingoing waves at the horizon, z = 0 and as subleading modes at the
boundary z = 1. In the language employed before, the QNM conditions reduce
to ask for solutions with indicial roots oy = 0 at the horizon z = 0, and oy = A
at the boundary z = 1. In this section we are considering the region 0 < A < 1

so that (1 — z)% is the leading behaviour near the boundary. In terms of the
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4.2 QNM and bulk to boundary 2-point functions

most general solution (4.71]), the ingoing wave condition reads: ¢?** = 0. The

subleading behaviour requirement implies the quantisation conditionﬂ.
wtkl+i(1+2n+X) =0, r=0,...2(Spae + 1), (4.75)

where n is an arbitrary and positive integer.

We should elaborate about the smoothness of the QNM at the horizon. In the
Eddington-Finkelstein coordinates v =t — %log(p) +...and p* = 7% p?+. .., see
(4.15) the incoming waves, namely the ¢ modes , behave as plane waves e!/*?,

out
T

at leading order in the near-horizon expansion. In contrast, the ¢** modes are
not C*° as they look like e™? (p*i”). In other words, the requirement of incoming
waves at the horizon amounts to have a smooth solution at the horizon [49)].

In our example u3 # 0, Sy = 1, there are 2 x 2 branches in the quantisation

conditions (4.75)). The associated branches of QNM being;:

WO = k=i (1420 4+ X — 25 (14 (14 20)(1 4+ A) + 6n(1 + A) + 6n2))
wy = —2i(142n+ X) + 65 (n, p3), (4.76)
where:
. . 16()9—1);4%
—i £/ =1+ 8(1+ 2ik +2n + \u3 — ——5—-=

(5i(n,u3) — (4.77)

8113
Before going on, let us briefly mention some relevant issues about the stability of
the branches . It is not hard to see that for large enough values of k € R
at least one of the branches w® will exhibit a finite number of undamped modes,
namely modes with positive imaginary parts. However for a fixed value of k£ and

s the UV modes (n > 1, k, u3) will go like wE ~ —in and hence will be stable.

0

v, wit) become the

The branch w? is stable for pu3 < 0. Finally notice also that (w
left and right moving branches of the BTZ,;—_; case, in the limit of vanishing

{3, whereas w, is not analytic in that limit.

1 'We have the identity 2Fi[a,b,c,z] = %gﬂ[a, ba+b—c+1,1—2z]+(1—

z)c’“’b% oFi[c—a,c—b,c—a—b+1,1—2] [68]. The quantisation condition ([4.75))
is equivalent to ¢ —a = —n and ¢ — b = —n respectively. These choices guarantees that the
first term on the rhs of the previous identity vanishes. Indeed, this is the term that carries the

leading behaviour of the field at the boundary.
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We have 2 x 2(Spqr + 1) independent solutions (¢, ¢**), in (4.71). Each
block 7 represents an independent degree of freedom and a general fluctuation in
the background can be re-constructed as a combination of them. So, for
the moment we restrict our analysis to a given sector, let us say the block r.

In order to define the bulk to boundary 2-point function we set ¢ = 0 in
(4.72), corresponding to the solution with the leading behaviour (1 — z)% at the
boundary. We will further fix ¢& = 1, to guarantee independence on w and k of
the leading term in the expansion of the solution near the boundary, in such a
way that its Fourier transform becomes proportional to §(?) (t,¢) at the boundary,
which is the usual UV boundary condition in coordinate space. As a result, in
Fourier space, the bulk to boundary 2-point function of the block of solutions r
is given by:

G (w, k, 2) = Wy (ar, by, 1 —iw; 1 — 2). (4.78)

After Fourier transforming back in (¢, ¢) space and using the p coordinate one

gets preliminary:

GO (t,6,p) = Jn(=i0, ~i0y) (Gr,(t,0:0) + 0GP (1L, 6,p)) . (479)

We stress that (4.79)) obeys the boundary condition:

GO(t, ¢, p) — 0P(t,¢), when p — oco. (4.80)
The quantity:
_ b ik w) o
Jr(w,k) = Wé ( ) s

is the product of the Jacobian from the change of variables from k to &, times an

exponential contribution. For our specific case:

Jo(w k) = (14 2ipusb (w, k)) & (FRh)o, (4.81)
The quantity:
A e’ A
T 4.82
b1z (60, ) 7w \ e ?¢coshxy coshz_ + sinhz, sinhz_ ’ (482)

is the bulk to boundary 2-point function for BTZ,—_;. Notice that (4.82) is

smooth in the near-horizon expansion as its leading contribution is independent
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4.2 QNM and bulk to boundary 2-point functions

of t. We note that the contributions coming from Gg%z to are also smooth
at the horizon provided the Taylor expansion of J,.(w, k) around (w, k) = 0 starts
with a constant or an integer power of k. This is always the case, as one can infer
from that J. =14 O(us3), as in the particular case .

Finally 5G?) is a contribution that comes from the deformation of the coun-
tour of integration that follows from the change k — k.. . The change of variable
from k to k..(w, k) deforms the real line R to a contour C,,, = k.(R,w). Integra-
tion over the contours k.. € R and k.. € C,.,, (followed by integration over w € R)
of the integrand

o _
ROty (A, byy 1 —iw; 1 — 2),

differ by the quantity 5GP (t, ¢, z). This quantity can be obtained imposing the
condition (4.80). In Fourier space (w, k) It reads:

k/
6GD(w, k., 2) = (aa/; — 1) Gy (ay, bpy 1 —dw; 1 — z) (4.83)
Finally, (4.79) takes the form:
G£2) (t, ¢7 P) _ e—(ik’r(—iat,—i%)—@(p)¢G('§%Z(t7 ¢7 p>. (4.84)

For the same reasons explained before (4.84]) is smooth at the horizon, namely
its leading behaviour is independent on ¢.

Notice that periodicity under ¢t — t + 27 is preserved by all building blocks
(4.84). The preservation of thermal periodicity comes after imposing the BTZ
holonomy condition on . It is a global statement in the sense that is deter-
mined by the exponentiation properties of the algebra. Namely the gauge group
elements generating the family with g = %, 50 = 0:

29
g = ¢e?’

g = PVe e~ 5t+(5-Pol@))¢ (4.85)

are thermal periodic due to the fact iwa exponentiates to the center of the group
whose Lie algebra is hs()) [63].

Notice that the quantity §G1(»2)(w, kl.,z) ( as Gg%«z(w k!, z)) is in the kernel of the BTZ

Klein-Gordon operator Do (w, k., 2).

s sy

2We note that the ¢ in the exponential ([4.84) is located to the right of the derivatives.
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4.2.1 Making contact with other relevant backgrounds

In this section we perform the gauge transformations (4.24]) and (4.26)) taking our
backgrounds to the GK (BHPT2) ones. As already said, the backgrounds to be
transformed have critical exponent z < 1. Here we will focus in performing gauge
transformations and on the scalar fluctuations for i3 = —pu3 # 0 and
we will explicitly verify that they solve the equation of motion for matter fluctua-
tions in the GK (BHPT2) backgrounds. The analysis will be done perturbatively,

to first order in a 3 expansion.

To this purpose we introduce the series expansion:

C=> uC, (4.86)

for the master field in equations (4.28) with the connections (A, A) given by
(4.23)), (4.25) and (4.27). Taking the p4 component of ([4.28)):

(0) © @ N0 @ (i)
(d+ Axp —Axp)C == (Ax,—Axp) C,i=0,..., o, (4.87)

Jj=1

() :
where A is the coefficient of 1, in the Taylor expansion of A about 3 = 0. Notice

(@) (4) (0)
that if C' is a particular solution of (4.87)), then C + constant C' is also a solution.
(4)
This is in fact the maximal freedom in defining C' and it constraints the form of

the “folded” version of (4.87)) to be of the form:

(0)
D,Cy = 0, i=0,

(@) @) { (0) (i-1)
D,Cy = D|Cy,...,Cy |, i=1,...00, (4.88)

where the differential operator Dy is the BTZ Klein-Gordon operator (4.49)) and
(1)
D is a linear differential operator in p that we shall find out explicitly when
analysing up to first order in pus.

Let us write down the connections (4.14) with u3 = —ji3 # 0 as:

(0) 1 (0) (1)
‘AOUT‘S = ‘A _I_ /’L3‘AOUT’S7 ‘AOUT‘S = ‘A _I_ ”3‘Aours- (4‘89)
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4.2 QNM and bulk to boundary 2-point functions

The full answer Cj_ . is defined as the building block r in (4.71]) with k., given

by the root (C.5) of equation ((C.4]) which is the analytic solution in the limit jus3
to zero. By using the folding method one can check until arbitrary order in ¢ that

(4)
(4.88) works for the expansion coefficients C,,s. Here we restrict to the i = 1:

1) 1) (0)
DQC(%OUTS = Dourso(%a (490)
where: )
(1) 16ike? (2(A\2 — 1) + k% + w?
ours — e (3( ) 2 v ) (491)
(e +1)

Let us solve (4.90). We can expand in series the solution for Cj_, . (4.71), but

we will use gauge covariance instead. From the use of the transformation laws:

‘AOUT‘S — erurs‘Ae_Aours + erursd e_Aours’

‘Aours — erurs‘Ae*Aours + erursd eonu'rs’ (492)

at linear order, with:

Aours - —¢P¢(CLP), /_\ours = _¢p¢(a—p)> (493)
- (0)
and C} ., = | (elovrs—hour) (O] , for the case p3 = —u3 # 0 in Fourier space,
Vl
it follows that: ’
(1) (0)
Coours = —i0k ((ag +a?, — trace)C)
v
9 (0)
= —i (5(1 — A —2(k* + w2)> wCy+ ..., (4.94)

(0)
where the ... in (4.94)) stand for terms that are proportional to C} and hence are

in the kernel of Ds.
To check that (4.94)) is solution of (4.90)) it is enough to check that:

(1)

[z' (2(1 — A% —2(k* + w2)> O, DQ} = Dours, (4.95)
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4. A CLASS OF BLACK HOLES IN THE HS(\) x HS(A) THEORY

by using ((C.12]) or to notice that (4.94]) coincides with the first order coefficient in

the Taylor expansion around pz = 0 of the corresponding solution Cj, _ which
, (0)
)|u3:0 = g_L|M3:08kCé'
Next, we truncate the GK background at first order in p3 and after following
the procedure we can explicitly show again that the form (4.88]) holds until s = 1

H Here we just present the ¢ = 1 equation:

is given by (3—5;816/01

Oours

(1) 1 (0)
ch’éGK = DGKC(}. (4.96)

1)
The expression for Dgg is given in (C.14). We should stress again that (4.96])
refers only to fluctuations over the GK ansatz that are analytic when u3 goes to

zero. Finally we check explicitly that the transformed fluctuation:

(1)1 (1)1 (1) (1) (0)
COGK = OOours+ (AGK—AGK)C

Vi

1) ik (362;) +5) (0) (0)
= (O} ——— (e -1)C} - (e +1)0,CF |, (4.97
Oours 3 (€2p + 1)2 ( ) 0 ( ) P~0 ( )

solves (4.96)), after using (4.90) and the i = 0 equation in (4.88)). We have then

reproduced the result of [35, [69], by starting from our ansatz.

"'We checked it up to i = 2, when the GK background is truncated at second order in ps.
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5

Conclusions

This thesis is divided in two parts that were organised in three chapters. Chapter
consisted of two parts. In the first part, section [2.1] we have shown how Weyl
anomaly matching and the correspondig Wess-Zumino action for the conformal
“spurion” is reproduced holographically, from kinematical arguments on the bulk
gravity side: there, its universality comes from the fact that only the leading
boundary behaviour of bulk fields enters the discussion. The PBH diffeomor-
phisms affect the boundary data and consequently the gravity action depends on
them, in particular on the field 7. The regulated effective action is completely
fixed by the kinematical procedure detailed in section 2.1, For a specific rep-
resentative in the family of diffeomorphisms the Wess Zumino term takes the
minimal form reported in literature. In appendix we present a different
way to approach the same result (We do it for an arbitrary background metric).

We then moved on in sections[2.2]and [2.3]to analyze an explicit 3D holographic
RG flow solution, which has a “normalisable” behaviour in the UV. In section
2.2 we studied the problem in the context of 3D gauged supergravity. We started
by identifying the possible moduli of the background geometry: out of the zero
modes (7, S,, p), there come out two independent normalisable combinations. We
promoted these integration constants to functions of the boundary coordinates
(t,z) and solve the EoM up to second order in a derivative expansion. In a first
approach we used a combination of (7, s,) dictated by normalisability, in a second
approach we used p. In both cases we find a boundary action for a free scalar

field with the expected normalisation. As argued in section [2.2.6] agreement with
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5. CONCLUSIONS

QFT arguments in [5] points towards p as the right description for the would-be-
dilaton scalar field. For possible extensions to higher dimensional computations,
could be helpful to keep on mind that this mode p can be seen as the normalisable
combination of a rigid PBH in Fefferman-Graham gauge and the mode s,,.

Then we moved in section to elucidate the QFT interpretation of this
normalisable mode by lifting the 3D theory to the 6D one: we promoted the
modulus p, the SU(2) instanton scale, to a boundary field, p(u,v), and solved
the EoM in a derivative expansion both for the background geometry and the
linearized fluctuations around it, up to second order. This allowed us to compute
< T}, > and determine the boundary action for log p: this is the action of a free
scalar with background charge and its conformal anomaly is cyy — crg, therefore
matching the full ¢. We identified 7 = logp with a D5-D9 mode in the (4,0)
effective field theory of the D1-D5 system in the presence of D9 branes in type I
theory.

Finally, as an open problem, it would be interesting to apply the procedure
followed in sections and to a v.e.v. driven RG flow in a 5D example,
where we would give spacetime dependence to the moduli associated, say, to
the Coulomb branch of a 4D gauge theory: in this case no subtleties related to
spontaneous symmetry breaking arise and we should be able to obtain a genuine
dilaton effective action.

The second part of the thesis aimed to study higher spin generalisations of
black holes in 3D. In chapter [3| we started by analysing the symplectic structure
on the phase space sl(3,R) higher spin black holes in principal embedding, (3.18),
with z; = #
the Regge-Teitelboim (RT) and Dirac procedures. The fixed time Dirac brackets

algebra is not isomorphic to W5. However a Wj3 structure can be defined by

and zy = %H’ We were able to identify the conditions that match

use of Regge-Teitelboim [I]. The phase space of connections associated to this
construction does not contain the zero modes that are identified with higher spin
black holes but a highest weight description of them. Upon analysis in diagonal
embedding we computed the Dirac brackets algebra and as expected [1, 2] it

turned out to be isomorphic to Wég). Our results complement the viewpoints in
I, 21

"When z; = ¢ and x5 = t the fixed time Dirac brackets algebra, (3.52)), is W3 [2} [39].
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It would be necessary to address similar questions for a generic value of the
deformation parameter \. For that, analysis in perturbations of the generalised
boundary conditions in the corresponding embeddings, like (p, 1) in the principal,
or (v, 7) in the diagonal of the A = 3 truncation, could result helpful. Presumably
the map between zero modes in different embeddings could be identified at any
order in the chemical potentials. Related maps have been studied for the usual
conical defects [70} [7T) [72]. Nevertheless we believe that an alternative and more
general path to follow can be developed.

Finally, in chapter 4] we have presented a family of connections constructed
out of arbitrary polynomial combinations of the BTZ,—_; connection in hs(\) x
hs(X) 3D CS theory. Their space time tensor fields present smooth horizons. The
system of higher order differential equations of motion for matter fluctuations can
be solved in terms of hypergeometric functions related to the solutions in the BTZ
background. This allows to solve explicitly for Quasi Normal Modes and 2-point
functions. As a check, we have made contact with other backgrounds studied in
the literature. Among the open problems that our work leaves unanswered, we
mention the following ones. The first regards the understanding of which (higher
spin 7) charges are carried by these backgrounds, or, more generally what is the
asymptotic symmetry algebra associated to them. Recent progress on this pro-
blem for BH backgrounds in the si(3) CS theory, as argued at the end of chapter
B, may allow to get an answer for the cases presented here. Secondly, one would
like to use the results found here for the matter fluctuations, to solve for more
general backgrounds by using appropriate gauge transformations (either “proper”
or “improper” ) carrying our backgrounds to these. Unfortunately, a perturbative
analysis along the lines discussed in chapter [ seems to be unavoidably beset by
singularities at the horizon p = 0. It would be interesting to know whether this
is an artifact of the perturbative expansion and if a full non perturbative analysis
would be free of such singularities. This would allow to study QNM virtually for
any BH background.
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Appendix A

A.1 PBH diffeomorphisms

A.1.1 Conventions

We use the mostly positive convention for the metric, namely signature (—, +, +, +)
in 4D and (—,+) in 2D. The Riemann tensor we define as:

_ B B A
RMVOCB - 28[#1—‘1/}04 + 21—‘[#)\FV}@’
with the Christoffel symbols:
1
Fga = 59577 (&/gna + aagnu - aﬁQV&) .
The 4D Euler density and Weyl tensors are defined as:

1
2 2 2 2 2
4R, + R?, C =R, — 2R’ + -R" (A.1)

nvpo 3

124 = }%2

v po

A.1.2 Non Static domain wall ansatz
Let the domain wall form for the metric be:
ds* = dr® + X 0g  (x, r)datda”. (A.2)

The PBH diffeomorphism until second order in derivatives of 7, can be written

by symmetry arguments as:

= 2 —aY[r +7,2]0"7 + 0 (0%), (A.3)
ro— 47+ +7,2)(0r)? + 0 (9*7), (A.4)
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where index contractions and raising of covariant indices are made by using the
metric g"(r, z#). The gauge preserving conditions on the form factors arenor-

malisation
e2f

0.aW[z, 2] = e | 9.0¥[z,2] = 7(@&(1))2’ (A.5)

where z = r + 7. Notice that if we go to the Fefferman-Graham gauge this mode
will look like a “warped” diffeomorphism. Namely, the induced y-transformation

at zeroth order in derivatives of 7 will look like:
y = ye¥r,

with h some function of y interpolating between constant values. This is the
technical cause behind the fact that the coefficient in the kinetic term does
not coincides with the difference of holographic central charges. Namely, if we
choose the right normalised in the UV h(oco) = 1, thence h(0) # 1, and so the IR

kinetic contribution is not properly normalised to the IR central charge.

A.1.3 Non Static Fefferman Graham gauge

Let us suppose we are in the Fefferman-Graham gauge, namely:

dy?
ds® = gyy(y)? + y (g da*dxt) (A.6)

where g, and g, go as a constant and a Weyl factor times 7, respectively, in
both UV and IR limits. Next, we can ask for the 3D diffeomorphisms preserving

this form above. We write it as

ot =t — aWe*y, 2)0"r + 0 (9°), (A7)
y —e*y + b [eQSy, x](aT)Q + 0 (84) , (A.8)

where the covariant form factors obey the following constraints

3
8,40z, 2] = 2902 0 (_azgyy - 1) b+ (0.0 =0, (A9)

2
z Jyy < Iyy

which can be solved easily for a given RG flow metric in this gauge.
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A.1 PBH diffeomorphisms

A.1.4 Near To Boundary Analysis

We use the near to boundary analysis to reproduce the results for the bulk action
in presence of a PBH mode and to compute the GH and counterterm contribu-
tion. We start by writing the near to boundary expansion of the equations of
motion. We then evaluate the onshell bulk contribution and finally the onshell

contributions from GH and counterterm.

A.1.4.1 Near to boundary expansion of the EoM

The near to boundary expansion of the equations of motion in the Fefferman-
Graham gauge choice ([2.3|) comes from:

Y29 — 29’99 )i + Tr(g "9 gis]

_ 4 gi;
+Ri; =295 — Tr(g7'q)g;; = gj(v[ﬁb] - Vip)
_ 1 _ _ 8
Tr(g'g") — 577(g 'gglg) = 39n(V[0] = Vip) + 8(¢')%,

where the primes denote derivative with respect to the flow variable y and Vy, is
the potential at the corresponding fixed point. In the boundary Vi, = V[0].
Another useful relation that is going to be helpful in computing the spurion

effective action is the following form for the on-shell action:
L 2
Spin = 2% / d's / dy\/§< - §V[¢]>. (A.10)

Solutions We can solve the equations of motions for a generic potential of the
form (2.6)). Let us start by the UV side.

The UV side We can check now the result (with exception of the finite
part) for the bulk action, after a 7: PBH is performed. We just need to use near
to boundary analysis. As said before, we take the near to boundary expansion of
the scalar field to be:

¢ ~ yo' (x) + ylog(y)e (x),

where the 5(0) and ¢ are identified with the source and vev of a dimension

A = 2 CFT operator, respectively. The terms in the near to boundary expansion

111



(2.9) of the metric, are obtained as:

2 1 L o
g = 5 (Rij[g(())] - ggi(j)R),

16 ~
Tr(nY) = §¢(0)¢(o), (A.11)
Tr(hs?) = 25?0), (A.12)
1 3 8 - N
Tr(g®) = tr(ghy) = tr(hi”) = tr(hs?) + 6% + 46%) + 8dw o)
1 8 16 ~,
= 1”(92)) 3¢ +§¢(0)- (A.13)

The volume measure expansion:

Vi = \/_(1 + 1Tr( 2)y + (%Tr(g(@) + %Tr(g(g))Q - %Tr(gé))
5 Tr(hly) los(y) + STr(i2y) 10g2<y>)y2), (A14)

is used to evaluate the near to boundary expansion of bulk lagrangian in (A.10)).
The result for the UV expansion of the onshell action ([2.23)), is evaluated by use

T

of the following result for a conformally flat metric gy = e
a9, = /d4x\/_ ! /d4:1:627
uv 2LUV (0) 2LUV 9
L
g‘)f = 20 g /90y (92)) = —/d4xe (0r)? (A.15)

1 1
agy = L%,V/d T+/9(0) ( Tr(ge) + gT'f’(g( 2)” — ZTr(QQ ) — —¢(o))

The Weyl transformation properties of the Ricci scalar in 4D was used in getting

this result.
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A.1 PBH diffeomorphisms

GH term contribution In the UV side we can expand the Gibbons Hawking

term in a near to boundary series:

1 1
-/ﬁ%¢me,: L a5+ v0,v9)
4 Lyv Yoy
AL 4
= /d x (— + — 4+ 0D log(yyy) + bfim’te) ;
yUV Yov

(A.16)

where,

L
O — / d'z /30, b2 = —=ZX | d'z /g0 Tr(9e), (A17)

LUV
L3

bW = /d%,/ TT( ), bfinite = — d*z\/90) Tr(h").  (A18)

The finite contribution bygin;. is proportional to [ d4x\/%Tr(h§4)) which by
is proportional to the product of the v.e.v. and the source ¢(® and QNS(O)
respectively. Namely, for a v.e.v. driven flow the GH term does not contribute
at all to the finite part of the regularized onshell action. In the case of a source
driven flow, the finite contribution gives a potential term which is not Weyl in-
variant, as one can notice from the transformation properties . In fact its
infinitesimal Weyl transformation generates an anomalous variation proportional
to the source square 57’(¢~5(0))2. This fact can be noticed by simple eye inspection,

one just needs to analyse the transformation properties (2.21]) for the static case.

The IR side In this case we can do the same. As already said, we assume IR

regularity in the corresponding background, namely,

1
b~ brr + p—m¢<°> + ..., m>0.

We start by writing the IR asymptotic expansion of the GH term in the IR:

1 b(o) b(2)
1 /d4xﬁ2K|1R ~ /d4$ (yIR + 2 4 b logy + byinite + Z irbin

TR YIR 1
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We compute the factors b in terms of the components of the near to IR expansion

of the metric:

binite = L?R/d%, /g(o)e_QTTr <h§4)> ) (A.21)

By using the near to IR expansion of the equations of motions (A.10|) at second

order we get:

9 1 L o
gz(j) ) (Rz‘j[g(o)] - ggi(j)R )

and additionally:

Tr(h{") =0, Tr(h$") =0,
1 3 1
Tr(g®) = tr(g) — 5tr(n”) — tr(h") = Jtr(ghy).
It is then easy to see how the IR GH term does not contribute to the finite part
of the regularized action! provided the background solutions are smooth in the

IR.

A.1.5 Anomaly matching from PBH transformations

In this appendix we present an alternative way to compute the gravitational WZ
term. The approach is covariant in the sense that it works with an arbitrary
boundary background metric ¢°) and shows how the 4D anomaly matching ar-
gument of |4, [6] is linked to the 5D PBH transformation properties.

The relevant terms in the cut off expansion of the bulk action are:

(2) r~(0) (0) 2)1-(0) 4(0)
1 1
S[r] = /d4x /§0< —— +aUv[9 ¢ ]_GIR[Q ¢ ]+
Yov YIr Yuv YIr

+ agl‘)/[gm)? QB(O)] log(yuv) — a§2[§(0)7 Q@(O)] 1085@11%)) + Sfim‘te[T] +...,(A.22)

after a finite PBH transformation parameterized by 7 is performed. The St [T]

stands for the cut off independent contribution to the bulk action and §© =
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A.1 PBH diffeomorphisms

e "¢ and QB(O) stand for the PBH transformed boundary data. The leading
“matter” boundary data ¢(© (UV/IR need not be the same), does not transform
covariantly, unlike the background boundary metric ¢(@.

Next, one can perform a second infinitesimal PBH, d1;, and think about it

in two different ways:
e Keep the cut-off fixed and transform the fields (I).
e Keep the fields fixed and transform the cut-offs (II).

In approach I, in virtue of additivity of PBH transformations:

0T
In approach 77, one needs the generalization of (2.14)) for a linear parameter
o7, and arbitrary boundary metric ¢®. An important point is that (2.14)) is not

a near to boundary expansion, but rather an IR expansion valid along the full

08 fimite = 071 (M) . (A.23)

flow geometry. Notice also that, in principle, some contribution proportional to

07y, OO7, .., could come out of the cut off powers in (A.22). As discussed for
(A.22)), these terms can be completely gauged away. Then approach I gives:

55 finite = / d'a/30 o (a5, 0] - af 5, 7)) (A24)
Equating (A.23]) and (A.24]) we get:

0S5 inite|T ~ ~ n ~ n

ol [t/ (0,00 - 0. 60) . (a2s)

Now we can expand the gravitational contribution to agle/ (9] — a%% RE

(L3 —I13) . A
% (Ew[g™) —W[g91?),

by using the Weyl expansions:
W2 — o2
n 27 uv 1 (0)H¥
E(4) = e E(4) +4 R* — §g R V#&,T

+ e (2 ((DT)2 - DWTDWT) — ((DT)(@T)2 + 2 8MTDW7'8V7')) )
(A.26)
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Hence, from (A.25)) and ([A.26]) one can integrate out the gavitational contribution
to Sfim'te:

1 v
/d%@ (Aa E(4)% — Aa (RW — 59(0)“ R) 0,70, T +
+Aa% ((07)4 —4 DT(@T)Q) — Ac Wzg), (A.27)

where in the case we are considering ¢ = a. Notice that in the above derivation,
we implicitly assumed the group property of the PBH transformations on fields,
that is:

LT1 © LT2 = LT1+T2a

were L represents the transformation thought of as an operator acting on the
fields (boundary data). As for the case of matter contributions, a problem arises

when a v.e.v. or source transforms non covariantly
30 s 73O | rem GO,

So, it is not clear to us how to use this procedure to compute “matter” con-
tributions to the Weyl anomaly. An efficient procedure to compute anomalies
for generic backgrounds (in a spirit similar to the approach presented here), had

appeared in [73] (section 3.1).

A.2 3D N=4 SUGRA example

A.2.1 Equations of motion for the background fluctua-

tions

We start by writing down the gravitational side of the set of equations of motion
for the background fluctuations ¢, T, ¢ A® and ¢?), at second order in
time ¢t and space = derivatives. We use here the notation used through out the
main text, namely denoting the equations as the space time components they

descend from. So the equations (r,r), (t,t) — (z,x), (t,t) + (z,x) and (¢, x), read
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A.2 3D N=4 SUGRA example

off respectively:

029 + 20, f30,9" + 405,V + 20,650,

&(a Ap) ) AC) 4

6

W&,AB@TA(?) =0, (A.28)

+4 <8ABV +
029%) + 40, fs0.9®) + 2 (4V + 200, fi)* + 3}f5) 9

@(&43)2 4 (96)? + 20 fB) 0,
(A.20)

+ 80, Vo + 80,4, VAP 4 e 2E (
2T + 20, fp0,T +2 (4V +2(0, fp)* + 02 fp) T

T (ﬁ(&%)? + (a¢3)2) —0, (A30)

029:2 + 20, fp0,9%) + 2 (4V + 2(8, f)? + 02 f3) 2

+ 2¢ 28 (@(&43)2 + (8¢B)2) =0, (A.31)

where for a Y = Ag, ¢p, fp, we use the notation (9Y)? = (9,Y)? — (8;Y)? and
= (0%Y — 9?Y). We also used the equations (¢,7) and (x,7) respectively:

(0;.T + 20, f50,T) +
(02,912 + 20, 50,9 ) — 929 2 (D0p0.6® + 0,650,6%) —
6 24
) @) _ @ _
(1 N AQB)2 (atABarA + a7'14B81514 ) (1 — AZB)?’ (ABarABatAB)A O,

— (82T+26 f0,T) —

(2.9 +20£50,92)) — 02,9 — 2 (0080, + 0,650,0%) —
6 24

S T (ARD.ARO,ARAP = 0.
- A7 (1= agyp oo AnOrAm) AT =0

(0:Ap0, AP + 0,Ap0, A®)) —

These equations reduce to constraints for the integration constants that appear.
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The Klein-Gordon equations for the scalar fields ¢ and A give the following

couple of equations for the fluctuations respectively:

02¢® + 20, f50,¢® — 203 Vo

_QaiB7¢BvA(2) + 37»@53@9(2) + 6—2fBD¢B =

4A
97 A®) + (26rf3 + %@@AB) 9,A®

(1
E A2
# 2 (~- apres,v+sh=2n)

m(@fb)z

3
645
m(

+ (1 - A%)? 8AB ¢BV¢ ) fe2s <

+

OOII\D

AQ(

A.2.2 Rational functions for the pair (s, 7)

20, A0, f5 + 62AB)) A® 19, A50,92

(A.32)

0Ap)? + DAB) = 0.

(A.33)

In this subsection we write down the rational functions appearing in the equations

in section 2.2

BV 3ey+1)? @ _ (@iQRy+1)+gy+1)?*2y—1))
o8 g1(g7 — g%(y + 1) ) o yy+1) (g3 + 12 —g)
g®  _ 30D -D+a) pw _ (@l ey -1)
Oy (2 Gy (91 — g3 (y + 1)2) ’ 0y (@ Qg%yg‘ )
R, = (y + 1)2(3925:4 1 +90) po . AU ARSI (A34)
v ylgi —g3(y +1)%)? Ou® 992y (y + 1)
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A.2 3D N=4 SUGRA example

p 2090y 46y +2) + 205(y +1)° — dgiga(y + D)) o,
919294 (y + 1)% (7 (3y +2) — 2g5(y +1)?)
4 (g7 By +2) = 293(y + 1)) (97 — g3y + 1)?)
9795y (y + 1)
po __Ae(or (5y” + 6y +2) +2g3(y + 1)° — 4gigs(y + 1)")
91953y (y +1)% (g7 3y + 2) — 295 (y + 1)?)
201 (99 (12y° + 13y + 4) — 4g5(y + 1)°)
9y +1)% (g3 (y +1)? — g7) 3 (295(y + 1)* — g7 (3y +2))
202g3(y + 1)* (993 + 32y* + 29y + 12)
92y3(y +1)? (g5(y +1)* — g7)® (295 (y + 1)? — gi(3y +2))’
B 2g195(y + 1)? (21y® + 40y* + 34y + 12)
9y*(y +1)% (g3 (y +1)? — g7) 3 (205(y + 1)? — g7 3y +2))’
(A.35)

Y

I

Y

RO _ 893y +1)° —2g65(y + 1)°(y(y(8y + 27) + 29) + 16)
AR Yy +1)2(g5y +1)% = g7) (205 (y +1)? — g7 (3y +2))
L2 (65 (y(12y +13) +4) + ga91 (v + 1)*(y(y(2y(9y + 32) +79) + 63) + 24))
Yy +1)2(g5(y + 1)% = g7) 2 (205 (y + 1)? — g7 (3y + 2))
 2¢%g5(y + 1) (y (y (429> + 68y + 77) + 55) + 16)
Yy +1)%(g3(y +1)2 = g7) 3 (205(y + 1) — g7 (3y + 2))’

(A.36)

_ 49195(y + D*(y(y + 1)(15y — 13) — 6)
AR Y3y +1)% (g7 — g3y + 1)%) 2 (295 (y +1)2 — g7 (3y + 2))
B 29795 (y + 1)*(y(2y(9y + 13) — 13) — 12)
YAy +1)2 (97 — g5y + 1)2)2(295(y +1)* — g7 (3y + 2))
2(295(y +1)° (5y* — 2) + ¢ (y(12y + 13) +4))
YAy +1)% (g7 — g5y +1)2) 2 (295(y + 1)? — g7 (3y +2))’
(A.37)

RO _ 9 . ¢ 4g5(y + 1) — 33 2,6
A9 gy —git g gytat+g giBy+2)—20(y+12 y y+1
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0 _ 91929+ D+ gily = 1) o, ) _ 9192y Bga(y +1)* + g7)

T Bat D@y 12-g) 0 da(@ - gl
@ _ W r1)P gy g alg—gl+1)?)
dy(y +1) (g3(y +1)? — g7)’ 29795y (y + 1)
@ _ 91929 o, o) _ 91929 (929" +393y" + (97 +395) y — g1 + 63) o,
4y ’ 8cr(y + 1) (9392 + 295y — 91 + 93) ’
© _ _ 391ge*y(y +1)° 10— gig5e>ry° .
dey (g5y% + 295y — g +93) % der(y + 1) (9392 + 295y — 91 + 93)

Case of the modulus p

RO, = - 3;;5’(1/ + Ok R, - gt (p+2y) + By —p)(p+ y)z’
v pg(gi — g3(y +p)?)"  %® y(p+v) (93(p +y)* — gir?)
r® 3% +y) @+ ey —0") pw 6Py —p) + ol ty)’
0,8® g0y (930% — g3(p +y)2)2 7 o 293 p%y° ’
R - ci (9ip” - 943 (/)32 +3y° +4py)) (A.38)
919209° (P + )

RO _ A’ — gygip(p +y)* (3p° +8y” + 10py))
0s9? gtgspy*(p+y) (gi0* — G(p +y)?)
A (g3gt 0 (30 4 5y% + 8py) + g8(p + ) (p + 4y))

n , (A39
9193093 (p +y) (910> — g3 (p +y)*)? (A.39)
ey _ 26 (=gigip (8p" + 9" + 32py° + 4Tp%y* + 32p%y))
- 193y* (0 +y)* (203 (p +y)* — gip(2p + 3y))
G192y \pTY ga2\pTy gipl«p Yy
2 2 (.4 3 2 2 4 4 5
ct (g1p°(2p + 3y)* + 493 (p + 9)°) (A.40)

Bayt(p+y)* (263 (p+y)? — gip(2p + 3y))’
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A.2 3D N=4 SUGRA example

2 —
2¢t (—2g59ip(p +y)° (10p* + 6y° + 27py* + 28p%y))
a3y o+ ) (920 +y) — 910)° (910 + 92(p + 1))” (263(p + y)? — 930 (20 + 3y))
2c7 (g295p" (p + y)? (40p" + 54y* + 178py® + 251p°y> + 164p°y))
BBy o+ ) (9200 +y) — 910)° (g1p + 92(p + 1)) (203(p + 1)2 — 2p(2p + 3y))
2¢7 (g5910°(p + y)* (40p" + 15y + 98py® + 180p°y* 4 140p°y))
B3yt (p+ ) (9200 +y) — 910)° (910 + 92(p + 1))” (203 (p + y)2 — g3p(2p + 3y))
2c7 (29393 0° (10p" + 18y" + 61py® + 79p%y* + 46p°y))
B3y o+ ) (9200 +y) — 910)° (910 + 92(p + 1))* (263(p + ¥)? — g3p(2p + 3y))
2¢t (91°0° (20 + 3y)* +492°(p +9)'°)
BBy o+ 1) (9200 + ) — 910)° (910 + 92(p + 1))° (263 (p + y)* — g3p(2p + 3y))’

2 (gip® (207 + 5y* + 6py) + 295(p + y)® — 4gigip(p + y)*)

F® — _
91929*(p +y)? (203 (p + v)? — 93p(2p + 3y))

(A4l

RO _ 2930y (9391p (510p° + 18y° + 118py” + 325p%y))
AR (p+1)2(g3(p+ )%= gip?)® (205(p + y) — gip(2p + 3y))
29507y (+445 (T0p" + y* + 8py® + 28p%y* + 56p%y) — 297 p°(55p 4 21y))
(p+v)*(g3(p+y)* — gip*) 2 (295 (p + y)* — gip(2p + 3y))
2930%y (— 9393 (680p" + 8y* + 67py* 4 244p%y° + 511p%)))
(p+v)%(g5(p +y)* — gip*) % (205 (p + y)* — gip(2p + 3y))’

(A.42)

RU  _ 2205(p+y)° (5y” — 20°) + g1p" (4p° + 124 + 13py))
A% y2(p +9)? (9i0% — g5(p +9)?) % (205 (p +y)* — gip(2p + 3y))
2 (+2g3910°(p +y)* (—=6p° + 15y° + 2py* — 13p%y))
y2(p +v)% (g7p* — 95(p +v)?) 2 (205 (p + y)* — gip(2p + 3y))
2 (g2930(p + y)* (12p* — 18y° — 26py° + 13p%y))

yip+9)? (9i0% — g5(p +9)?) 2 (205 (p + y)? — gip(2p + 3y))’
@ _ 91p° (4p° +21y* + 19py) — gigip(p +y)*(8p + 2Ty) + 4g5(p + y)*(p + 4y)
A® y(p+y) (g10° (20 + 3y) — g3gin(p +y)*(4p + 3y) + 295(p + y)*)

R

A.2.3 Solving the third order differential equation for A

In this subsection we find the solutions of the homogeneous equation correspond-

ing to ([2.71)):
AP = a2 () Cs(t, 2), A = al)(y)Cy(t,z) and A2 = a\? (y)Cio(t, z), (A.43)
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where:
@, Y(gi(9—Ty) +4g5(y +1)(4y — 5)
m () = 4(g7 —493) (y+ 1) (67 — g3y + 1)?)’ (A-44)
W20 = W= Dylgr —265(y + 1))
2 W) = S 1) (5 + 1) (9~ 3 + D) (8.45)
D) = $91(y +1) (y (125 — 5y +2) = 2) + 97 (2y (6y” +3y — 1) + 1)

6y2(y 4+ 1)2 (g2y — 91 + 92) (92 + 91 + G2)
6gty*(y + 1) (93 (29 +y — 1) + 2¢7) log(;%5) + g2 (y + 1)°
6y2(y + 1)? (goy — 91 + 92) (92y + g1 + g2) ’

(A.46)
With this at hand we define the Green function:
(2 (2

G(z,y) = uh1(z)ah1) (y) + um(z)ahz) (y) + uhg(z)a%) (v), (A.A47)

where

2z +1)%
wa(2) = gi(3z +2) —2¢3 (2 + 1)’ (A.48)
(2 +1)% ((g97 + 93) 97 (12(z + 1)’z log (55)))
93(92 4+ 6) — 693(z + 1)2
Lt 1)? (g7 +93) 97 ((2(22 + 1)(62(2 + 1) = 1) +4)2 — 3))
9392 +6) — 6g3(2 + 1)2
(z+1)2(g2g3 (2 + 1) ((22 (622 + 32— 1) = 11) 2 + 9))
g:(9z + 6) — 6g3(z + 1)°
Lt 1)? (6393 (2 +1) (2g3(2 + 1)*(4z = 3)))
91(92 +6) — 6g3(2 + 1) ’

up(z) =

(A.49)

(z+1)2 (797 + 1243) g7 (12(z + 1)%2* log (ZLH)))
6 (g(32 +2) — 265 (2 + 1))
+(z +1)2(3g292(2 + 1) ((82 (622 + 32 — 1) — 27) 2 + 29))
6 (g7 (32 +2) — 2g5(2 + 1)?)
(z+ 1)2 (7T(2(22+ 1)(62(2+ 1) — 1) +4)z — 27))
6 (g7 (32 +2) — 2¢3(2 + 1)?)
(z+1)2(4g5(z + 1)%(16z — 15))
6(g7(3z+2) —2g5(2 + 1)%)

uh2(2’> =

(A.50)
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A.2 3D N=4 SUGRA example

With this at hand we can compute a particular solution

p

AP = = [ dw Gl we sy w), (A51)

where e=2% I is the RHS inhomogeneity in . After integration we get the fi-
nal expression for A®). We do not post the result but the computation is straight-
forward. The remaining background fluctuations, ¢ and ¢® are evaluated by
use of (2.68)) and (2.70) once A® is known.

The case of the modulus p In this paragraph we present the results towards
the derivation of the Green function of the very last third order differential equa-

tion in case only the modulus p is turned on. In this case we get the homogeneous

solutions of ([2.104]) from:

y(g5(p+1)(=2p(2p+3) + (3p+5)y> + (3p> + p — 6) y))

Doy —
n v) (p+1)2(gip* — g3(p+ 1)3) (p+y) (970* — g3 (p + y)?)
B y (gip*(4p — (3p +4)y +5)) (A52)
(p+1)2(gip* —g3(p+1)2) (p+y) (gin* — g5(p+y)?)
2D — (y— Dy (g3(p+1)(p +y) — gir*)
=W = I @B+ D o+ 0) G - gty O
o) 9ip’ (12y3(p +y)log (ﬁ,) +p(p* + 12¢° + 6py* — 2p2y))
ap3\y) = —

6p*y*(p +y)* (g5(p + y)* — gip?)
9393 (p +y) (6y3 (=P + 2y + py) log (ﬁ) + 2p4y>
6p*y*(p +y)? (g5 (p +y)* — g1 p?)
9391 (p+y) (=20" + 12py" = 5°y") + g2p"(p + y)*

+

+ A.54
6p'y*(p +y)? (93(p + y)* — gip°) (854
To compute the particular solution we obtain :
2p+ 2)*
una(2) = (p+2) (A.55)

2g5(p + 2)? — gip(2p + 32)°
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(p+1)(p+2) (gég%(p +2) (6 (p* —p—2)2"(p+2)log (,,+)>>
60 (¢2p(2p + 32) — 292(p + 2)?)
(p+Dp+2)° (ggi(p+2) (p(=3p" (20 + 1) + 6 (p* — p—2)2")))
60 (gip(2p + 32) — 295(p + 2)?)
(p+1)(p+2)*(g5gi(p+ 2) (p(+3p (p* — p —2) 2%)))

6p* (gip(2p + 32) — 295(p + 2)?)
(p+D)(p+2)°(g3gi(p+2) (p(P* (=p* + p+2) 2° + p* (8p° +4p — 1) 2)))
6p* (gip(2p + 32) — 295(p + 2)?)

(p+1)(p+2)? (gi‘p2 (1224(0 +2)*log (,;Z)) + 920" (p+ 1) (42 = 3)(p + z)2>

up1(2) =

_|_
6p* (g7p(2p + 32) — 293(p + 2)?)
Lo+ Do+ 2) (919 (p(=3p* +122° + 18p2" + 4p?2° — p*2% + 4p'2)))
6p% (920(2p + 32) — 262(p + 2)?) ’
(A.56)
(p+2)* (30363 (p + 2) (6.(p° = 5p = 4) 2A(p + ) log (32 ) )
uhg(z) = —

(p+2)2(=3g397(p+ 2) (p (—=p* (8p* +15p +6) + 6 (p* — 5p — 4) 2*)))

(p+2)?(=3g3gi(p+ 2) (p(Bp (p* = 5p = 4) 2°)))
6p* (gip(2p + 32) — 2g5(p + 2)?)
(p+2)° (=3g39i(p+ 2) (p (p* (—=p° + 5p +4) 2% + p° (8p° + 16p* + 5p — 2) 2)))

(p+2)? (gi‘pQ (12(3p +4)2*(p + 2)?log (;) +p(=3p*(dp + 5))))

(p+2)* (9ip" (p (12(3p +4)2° + 18p(3p + 4)2* + 4p*(3p + 4)2° — p*(3p + 4)2*)))

(p+2)* (91p” (p (4p" (3p + 4)2)) + 2950 (p + 1)(p + 2)*(=6p + 2(3p + 5)2 — 9))

6p* (91p(2p + 32) — 295(p + 2)?) ’
(A.57)

that allow us to compute the corresponding Green function from (A.47)). Then

we calculate the particular solution by the convolution:

p

AD — —/dw Gy, w)F,(w). (A.58)

The remaining background fluctuations ¢g® and ¢ are obtained by use of (2.68))
and (270).
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A.3 6D solutions

A.3 6D solutions

Homogeneous solutions In the text we have already given the solutions to
the homogeneous differential equations for ¢; and s;. For completeness we give

here the solutions to the homogeneous differential equations for the remaining

fields:
@ 212p2 + pt 3p?
Juon = TOT o Ty g T
4 2 2 2\ 4
pt ot (B3 +pYp
“log(F/r?) — — — = —
as(u,0) (7 log(F/r®) — o0 5 — 17 g ) tor
1 1
9l = _blﬁ + by, 95 = 5,2 T e
log(F/r? log(r
@ = —Ggp(2 F/ G) (72r*Fay + r*(FG + 2p%)aq) + —ii é” )4(4 + d)r’*ptas
N 534+ d)r® —5(4 + d)r®p? — 3(32 + 11d)r'p* + (8 — 3d)r?p°® + dega
P 12FGrt 5
4878 + 7215 % + (20 + d)r*p* + 2(2 + d)r?p® + dp®
4Gr?
_ABFPG — 120F°Gp? + (100 + 3d)FGp*
288 FGr !
—12(—4 + d)F?p% — 12(24 + d) Fp® + 4(60 + d)p"°
— Qa
288 FGr !
27,2p4 T2F2 7,2
+ ra + 2G ag — 4_p2a67 (A.59)

where F' = 7% + p? and G = ((4 + d)r* + 2(4 + d)r*p* + dp*) and a, b and c are

integration constants that depend only on v and v.
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Particular solutions The particular solution for s(!) is given in the text. The

particular solution for the remaining fields is:

PP =0,
8¢ (—=50,p0sp + p0.0up)
o
(80r% + 7dp*) F? — p*(12rt — 20p%)
24 p2 2
1671 + (12 + d)r?p? + (4 + d)p*
2ripF ’
8¢ (=3(0up)® + p03p)

oA
4e(2r% + p?)

o, = —log(F/r?)

guvp

_Caupavp

+¢0,0,p

oy, = —log(F/r?)

guu;o

(A.60)

: B (3up)24c (611 + 9r2p? + 2,04)’
r2pF r2p?F?
8¢ (_3(81)/022 +p02p) 83[)40(27;2 +0°)
P r2pF
o 4c (6r* + 9r?p? + 2p*)
2 2 2 ’

f,EZ) _ log(F/r2) 2cr? (_gaupigp + p0,0yp) +
TG2p% + 28dFp'? + 144r2p!?

6rtpS F2G *
G (169F5 — 393F*p? + 216 F3p* + 56F2p5 — 2TFp* — 29p10)

6rtps F2G

(4 +d)p® (dF? — 4r* + 4r%p?)

6ripP FG .
G (28r% +40r°p? + 6rtp* + (2 + d)r?p%)

6rip° FG '

+0;p

@), = —log(F/r?)

Jou p

_(avp)

¢ OupOyp

¢ OupOyp

—  €0,0up

—  €0u0,p
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Appendix B

B.1 Conventions

The construction of the hs(\) algebra can be seen for example in [74]. The algebra
is spanned by the set of generators V,* with s =0,...,00and 1 —s <t <s—1.

To define the algebra we use the x-product representation constructed in [75]:
s+t—Max[|m+n|,|s—t|]—

1
VE V= 3 E gt (m,n; )Vt ‘ (B.1)

1=1,2,3,...
With the constants:
i—2 1 1 2—i  1—i
=4+ A ==\ = =
S m,n \) = q Fy| 2 2 2 2 1| N¥(m,n),
gz( ) 2(@_1)|43 %—S %—t %—I—S—Ft—l z( )
(B.2)
q= }L and:

N (m,n) =5i-! (1) (Z ; 1) (s—1+m+1) i (571—m+1) N (t71+n+1) . (tflfnJrl)k_H_l.
(B.3)
Where the (n); are the ascending Pochhammer symbols. The generators V2, V2
can be checked to form a si(2,R) sub algebra.
Let our definition of trace be

6 —1)ms93=2sT] . _ s 5_1
(—1) (s +mg)l'(s —m H _ %) (B4)

(Vo Vom) = 15 (25 — )25 — 31

o=1
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In chapter [3| we used A = 3 and remain with the ideal part, 2 < s < 3.

The Killing metric on the principal embedding for the ordering given in (|3.46))

O 01 0 0 O 0 O
0 —% O 0 0 0 0 O
1 0 0 0 0 O 0 O
O 0 0 0 0 0 0 -1
Gap = tr(VaVp) = 00000 0 L o (B.5)
0O 0 0 0 O —% 0 O
0O 0 0 O 411 0O 0 O
o 0 0 -1 0 O O O

The Killing metric in diagonal embedding for the ordering given in (3.68])

-2 00 0 0 0 0 O
0 0% 0 0 0 0 0
0o 0 0 0 0 0 0
1
ga =tV = | e _O}L X (B.6)
0o 00 0 0 0 0 —%
0o 00 0 - 0 0 0
0o 00 0 0 —3 0 0

Useful results Here we report some results that were useful during the com-

putations in section [3.2] In particular, the solution to the conditions

;
At pu3 & z2—0

OL )56 = (0aL)

W) s o) ye = (GAW) , (B.7)

At p3 & x9—0

where we remind the reader that by (6...)|s—s, We mean:
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B.1 Conventions

e Take the functional differential of ... in terms of (6£©, §W©®) and after
substitute § by dx. The expressions for (6,£®, 5, W©®) are reported in
(3.32). The expressions for (d5L, W) are reported in (3.25).

The most general solution to reads out

LgO) — 301W(0) + 0281£(0) + 261$181W(0),

8 3 8 1
Wg()) = —G (gL(O)Q + Z&%L(O)) + 0281W(0) — C1T1 (581,5(0) + 68?[4(0)) ,
8 1 8 1
&) = —a (577(0)5(0) + Zafn(o)) + 201 + ey (53177@)5(0) + gﬁfﬁ(o)) ;
U%O) = 16 + 0 — 26,210, (B.8)

It is straightforward to check that coincides with for ¢ = 1 and
co = 0. In fact this is the unique choice out of that allows to integrate the
differential of charge to (3.35]).

It is also useful to write down the most general choice of (Lgo), W§°’, e§°), 77%0))

that is consistent without explicit dependence on ¢ and dimensional analysis. It

is given by
L(O)lhom = W+ 40,48, W(O)lhom = L% + 063125 + crOW,
egﬂ)hom = cgOie+ 098f77 + 2¢10Lm, n§°),wm = c11€ + C12017. (B.9)

We use to show that ({3.55]) is not isomorphic to Wj.
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Appendix C

o Ui = 0 for

C.1 Uniqueness of the choice vy = %

D< A<l

Here we show how the only solution to the integrability condition (4.21)) in the
region 0 < A < 1 is the trivial one ng = 1. First we write down the first 4 x 4

block of the upper triangular matrix M

1 A(N2—4) 4(N2—4) (11271 4(A2—4) (10721~ 163012+6563)
15 315 4725
0 12]13_,1/(A2—02)  4(TA2=67)[[5_, /(A2—02)  4T[5_, /(A2—02)(893A1—19090A%+113957 )
5v/14 15v/14 247514
0 0 8/ T I3 s/ (A2—02) 80/ 5 [15—5 v/ (X2—02)(50%—89)
21 819
0 0 0 32\/?1—[;:2 V ()‘27‘72)
429
(C.1)

The eigenvalues can be checked to be greater or equal than 1, for 0 < A < 1.
In fact they grow as the diagonal index i grows. Next we show this excludes
the presence of any other solution. Let the following definition and couple of

properties be
no' = 0in?, OM"MO" = Diag((M")*), OTO=1. (C.2)

As (M*)% > 1 it is clear that

> ((M : n)i>2 =3 (M) (no:)* = > onot=) ni>1 (C.3)

i=1
The saturation in ((C.3)) comes when one of the integers n; is £1. As (M%) =1

only if i = 1 thence the only solution to (4.21)) is the trivial one. Notice however
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that our conclusions do breakdown when we are out of the region 0 < A < 1.
This is, to define a new solution we just need to tune up A in such a way that for
a given 4, M* = £1.

C.2 Solutions with 2z < 1

Here we study the fluctuations for a specific background z < 1. We take as a toy

example the case i3 = —pu3 # 0. The secular polynomial reads out
. 270 2 2 -1
ik =ik, —2uz | W + Kk + 3 , (C.4)

whose roots are

—i /1 Skt — 2 (0 + 302 — 1) 43
K, = k (C.5)
+ 4/_L3 . .

From the quantisation condition (4.75|

1
wfc_n = —25 (I+2n+ X))+ 5fcz<1,

1
wy | = i5 (14204 X))+ 07 ,,, (C.6)

where the £ refer to the & in (C.5) and the (1,2) refer to the (4, —) in (4.75))

respectively, and

. 311\/—1+8(—1+2ik—2n—>\)u3+§(5+12n2+6>\+>\2+12n(1+/\))p§

+

51 <1l 83 )
+ —Sii\/—1+8(1+2ik;+2n+)\)u3+% (5-+12n24+6A+A2+12n(1+X)) 2

5E_ = BN(eXs
2 z<1 8us

We can also study the case ji3 = 3, we get in this case from (4.70)):

k + 4ik
P DSy (C.8)
1+ 16w?us3
We get just one root, which means that after the folding process of section [4.1]
the final equation obtained is of second order, as can be explicitly checked. The

QNM in this case are given by:

—i—4i(142n+A)paFr/ —1+8(1—2ik+2n+X) s —16(1+2n+X)243

Wi+ = 83 )
. —i—4i(1+2n+)\),u3:|:\/—1+8(1+2ik+2n+)\),u3—16(1+2n+)\)2,u§ c.9
Wo4+ = Sus : ( : )
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C.3 Differential operators and Cpry

In section 4| we have given the metric for these solutions . Propagation
in Lifshitz metrics with z < 1 is typically associated with the presence of super-
luminal excitations in the dual field theory, see for instance [76, [77]. For each
one of our blocks r we can make use of the AdS/CFT dictionary. The dispersion
relations for the corresponding physical excitation, n, is given by the condition for
a pole in the retarded 2-point function and the expression for the auxiliary
momentum k.. of the given block in terms of £ and w are given in and
respectively. The wavefront velocity vy = lim,,_,o0 m, [78], can be computed
to be

w 1

vy = lim = , (C.10
= S —w + dwps + 8nwus + ddwps  —1 4+ dug + 8nus + 4\ s ( )

w 1
Vs = lim = . C.11
T e s VA By VA S

We end up by noticing that for |us| > N there are no superluminal modes

1+/\
(Jlug] < 1) in these examples. But for other values there is a finite number of

them. However the tale of large n excitations have all |vy| < 1.

C.3 Differential operators and Cpry,

We present some differential operators that were referenced in the main body of

the text. The Klein Gordon operator in p coordinates:

D, = @ aetran) g, QAo 22— (e et (AR 4+ 1))
2= g5 Tl T e ey -

(C.12)

The operator D, for the background puz # 0

— 2tw(z—1)+2(A—4)z+4 —3(z—1)z+6ipu3(z—1)z(k+2w
D4(Z) 64 ()z+1() + (93 < ( )1;2{;3_(1)22)2( +2u)
3w (2=1)2—9iw(z—1) (A~ 3)z+1)+z((>\ 18)A— (A—4) (4A—11)z+44)— )82
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e9)
The differential operator Dg that we make reference to in section (4.2.1])
64ie? (3e? — 1)k d
(e2r —1)2(1+e%)3(A2 —1)dp
Sk (1711k27w27A2+eﬁp(77k2+3w275)\2711) X €4p(3k2 0w N2 1)>

(=1

1
Dl =

N Zie (14 )i — 1)
€8P (4202 +6k2+2)2—2)+€*P (29— 15k2+59w2 +3A2) +e2P (27k2 +25w2 + A2 —17)
8k L
+ (C.14)

—ie=2(1 4 e?)4(\2 — 1)

Finally, we give the master field C' for the BTZy,—_; background up to spin
4. We have used the Fourier basis (4.53)) and redefined C} = C"
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C.3 Differential operators and Cpry
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(e2r—1)2 e2r—1 (e2r—1)3
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420

+ (C.24)

The primes stand for derivative along p, and one can recover the result in
coordinate space (¢, ¢) by replacing k& — —i0, and w — —i0;. Notice that all

these higher spin components are generically singular at the horizon.
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