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ABSTRACT
We discuss the geometry of three-dimensional warped Anti-de Sitter spaces and quotients thereof, paying
special attention to their underlying group manifold nature. We perform a systematic analysis of warped
Anti-de Sitter geometries, focusing on their global properties and illustrating their occurrence as special
solutions of various three-dimensional gravity theories.
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1 Introduction and summary

The role warped AdS3 geometries play in the framework of massive gravity theories, or as an element of
the near-horizon extremal Kerr geometry is discussed at length in Ref. . We will not repeat this
discussion here. Let us only mention that, for instance, they already occurred in the framework of string
theory thirty years ago (see Refs [3,[4]).

This work mainly focuses on the geometry of these spaces. Our starting point is that AdSs can be seen

as a group manifold: the SL(2, R) group. Warped geometries result from a symmetry breaking of
the usual (completely) symmetric geometry induced by the Cartan-Killing metric on the group manifold
(see Sec. where the process is detailed).
An advantage of this point of view, compared to other approaches (see for instance Ref. ﬂgﬂ), is that
properties of these geometries are more easily obtained (at least according to the authors’ opinion) by
exploiting the group structure of the underlying manifold. For instance, the relationships between various
coordinate systems used on these spaces can be immediately deduced by comparing the expressions of the
Killing vector fields of the underlying AdS3 geometry. The integration of geodesic equations becomes
elementary, once written in the flat embedding space coordinates. The group quotients leading to black
holes, as discussed by Banados et al. , naturally extend to warped spaces.

One of the main results of this paper is the construction of warped AdSs; quotients with R x SO(2)
residual isometry group from first principles. These quotients include the warped AdSs black holes
of , but also other geometries whose causal structures we discuss in detail in section

The outline of the paper is as follows. In section [2} we consider AdSs space, the SL(2,R) group
manifold, that we describe in detail. First, we introduce a (redundant) system of coordinates, called
null coordinates, directly related to the underlying SL(2,R) group manifold structure. It drastically
simplifies numerous calculations, in particular the description of various one-parameter subgroups and the
invariant vector and one-form fields linked to them. These objects are essential ingredients to understand
the structure of the warped geometries. They also are crucial to obtain the various quotients of the
warped AdSs; geometries and to distinguish between them and may be used to easily obtain solutions
of various three-dimensional gravity theories, see section 2.3 On the other hand, as shown in section
[l they provide a very simple way to integrate the geodesic equations on these spaces. Returning to
warped geometries, we construct in section [4, from a preferred coordinate system built in section [.1]
quotients arising from spacelike, timelike or null warping. We also briefly discuss the possibility of a local
warping (see section and connect with the solutions found in [14]. We provide local coordinate
systems for these spaces and classify them (Table[I)). Depending on the identification vector used
to quotient the geometry, we obtain metric expressions (Eqgs @ or ) written in a local coordinate
system adapted to the direction of identification. In subsection [£.4] we provide an algorithm to obtain
the coordinate transformations between different local coordinate systems that we illustrate, for the
warped black hole geometry in Appendix Additionally, we discuss the existence of Killing spinors
and occurrence of topological as well as chronological singularities for the quotient geometries.

In section [5] we use the projection diagram technique developed in and provide the causal structure of
the quotients discussed in section 4l Our results coincide with the analysis of , which provided causal




diagrams for the warped black hole solutions of [2], in the regime of overlap. We end the discussion of
the causal structure with subsection [5.6] where we discuss an alternative description of the embedding of

warped AdS black holes in SL(2, R) (the Einstein cylinder) and a complementary way to visualise their
causal structure. Appendix [A] contains some remarks about the notations used in this work. Appendix
is devoted to intrinsic geometrical proofs of the expressions of several one-forms needed for the calculations
leading to preferred coordinate systems on warped AdSs3 spaces and their quotients. Appendix [C] gives
further comments on the coordinate system of warped AdSs. In[C.2] we relate the coordinates used here
to those employed in |2,/17] for describing warped black holes, to those used in [1] for the near-horizon
extremal Kerr (NHEK) geometry at fixed azimuthal angle, and to those used in [10] for BTZ black holes
in the limit of vanishing warping parameter. Throughout this work, the AdS3 radius is set to £ = 1. To
restore it, it suffices to replace everywhere the line element ds? by ds? /(.

2  AdS; and Warped AdS; Spaces

2.1 Null Coordinate Systems on AdS;

In this section, we summarise, for the reader’s convenience, some basic properties of AdS3. Anti-de
Sitter spaces (AdS4) can be embedded as d-dimensional hyperboloids in a (d 4 1) -dimensional flat spaces
with ultra-hyperbolic metric of signature (—, — +, ... +). As symmetric spaces they appear as the coset
d—1
SO(2,d—1)/SO(1, d—1) (see Ref. [18], section 12). Since there are closed causal lines in these spaces of
topology S! x R?~1, we unroll them and consider their universal covering manifolds. In this paper, we
call Anti-de Sitter the space that contains closed causal curves. We denote the universal cover of Anti-de
Sitter as jia/Sd. Geometrically, these spaces can be seen as piles of AdSy spaces, each one cut along a
spacelike section and glued together. Concerning local geometrical properties, once established on AdSg,
they remain true on AdSy.
In three dimensions, the situation drastically simplifies thanks to the 2—-1 group homomorphisms:
SL(2,R) x SL(2, R) — SO(2, 2) and SL(2,R) — SO(2, 1) (see Ref. |21]). The three-dimensional
Anti-de Sitter space has the particular property of being isomorphic to the SL(2, R) group equipped with
its Killing metric (see, for instance, Ref. [22] for an extended discussion). Hereafter we limit ourselves to
the essential points leading to this special picture and fix the notation.
Thus the AdS; space (of unit radius) can be seen as the hyperboloid H of equation:

HEU+U7+V+V7:]. 5 (21)

embedded into the four-dimensional ultra-hyperbolic space M?? endowed with the metric induced by the
quadric H. We parametrize this space using null pseudo-Lorentzian linear coordinates {U,, U_, Vi, V_}
that, from now on, we call null coordinates. Then the M??2 metric reads:

n=—dU,dU_ —dV, dV_ . (2.2)

AdSj3 is in one-to-one correspondence with the simple real Lie group of two by two matrices

== () 29

1See Ref. [18], section 6 or Ref. [19], section V, page (108); also see Ref. [20] where a clear and intuitively transparent

exposition of the covering group SL(2, R) is given.



of unit determinant:
SL(2,R) ={z|det(z) :=U, U_+V, V_=1} . (2.4)

Using the parametrizatiorﬂ

Uy = cosh(x) cos(T) % sinh(x) cos(d) , (2.5a)

Vi = cosh(x) sin(t) £ sinh(x) sin(9) , (2.5b)
with

xR | 9e0,27] , Te€l0,2q] | (2.5¢)

we easily infer from matrix multiplication the group composition law given in Appendix [C.I] that defines

the universal covering group SL(2, R). It is this group, whose topology is R3, that constitutes the universal
cover of three-dimensional Anti-de Sitter space, which does not possess closed timelike curves. In this

—_~

work, we will use SL(2, R) when discussing local properties and SL(2, R) when addressing the global
structure.
Hereafter, we first consider tangent spaces on H. To lighten some equations we make use of the shorthand
notation:

H = U+ U_+V+ V_ . (26)

Tangent vectors consist of vectors @ = uy dy, +u_ Oy_ + vy Oy, +v_ Oy_ defined on M?2, such that
on H they satisfy the condition: ¥(H) = 0. In terms of components, with respect to the natural basis
linked to the null coordinate system, this condition implies that:

If U+ U7+V+V7 =1 then ’U,+ U,—l—u, U++’U+ V7+U7 V+:0 . (27)
We also consider tangent one-forms whose contraction with the vector normal to the surface H:
Mgy = —2 (U+ (9U+ +U_0y_+ Vi 8V+ +V_ 8‘/;) (2.8)

vanishes on J{(.

Let us now discuss the isometry group of AdSs3. It is isomorphic to the linear homogeneous transformation
group O(2, 2) of the null-coordinates preserving the metric (2.2). The one connected to the identity:
Isog(AdSs3) is, locally, isomorphic to SL(2, R) x SL(2, R) (see Ref. [19], section IV.3) and easily described
by using the matrix representation of SL(2,R). Its action is given by left and right multiplications
of z by SL(2, R) matrices g;, and gg:

z—gLzgr gL, gr € SL(2, R) . (2.9)

We consider now the SL(2, R) fundamental representation of the Lie group generators:

e (20) 0 me(0)) L xe(01) . e

2This parametrization covers (almost) the whole hyperboloid, except for their trivial failures, related to the use of polar
coordinates.




Their left and right actions on a group element z provide explicit expressions of the corresponding right-
and left-invariant Killing vector ﬁeldsﬂ

—

Ta(z) = %Emp[aXa]zLI:O ) la(2) = £z Expla X,|| (2.11)

a=0

Associativity of the group composition law makes left and right transformations commuting. At the level
of infinitesimal transformations this translates into the vanishing of the Lie brackets:

[la, f'b] =0 . (2.12)

The invariant vector fields obtained from the generators Eqs (2.10]) read:

1

ﬂl=U+8U+—U_8U7+V+6V+—V_(9Vi ,
7y = —V_ 8U+ +Vioy_ +U- 6v+ -Us 0y
f3=—-V_0y, —Vyo0u_ +U_0y, +Uydyv. ,

o~
—

=U; 8U+ —U_0y_ —Vy 8V+ +V_0y. , (2.13a)
=Vy 8U+ -V_oy + Ut av+ —-U_0y_ (2.13]:))

:—V+8U+—V78U7+U+8V++U78V7 3
(2.13¢)

!

o~
no

Il
!

o~
w

and can obviously be extended to the whole M??2 space. They satisfy the condition (2.7) and the
commutation relations:

la ] =0, [Fa?] = +2C5 7, [lasly] = -2C5 1 | (2.14)
with

n® =diag (1,1,-1) , C%:= 0N Pepar , (13 =+1anda, b, ce{1,2,3}) . (2.15)
The norms of these Killing vectors, with respect to the metric Eq. (2.2) (that on H reduces, up to a factor,
to the Lie algebra Cartan-Killing metric: g.p = C’qu’gp where C}. are the structure constants), are given
by:

PP = byl = HB) (2.16)
They are constant on H. The choice of normalisation Egs (2.16]) allows us to speak, by reference to the
local light cone (see Ref. [18], sections 4.8 and 7.2), about spacelike, timelike or lightlike (null) vectors
and one-forms as well as Lie algebra elementsEI
Let us emphasise that the vectors obtained in Eqs (2.13]) rest on our (arbitrary) choice of the Lie
algebra generators Eqs (2.10). For instance the null coordinate transformation {U;, U_, V, V_} —
{Uy, U_, =V_, =V}, an O(2,2) isometry not connected to the identity, interchanges {7y, 72, 73} with
{l_;7 an _l_::)}

Later on, we shall consider one-forms that on J constitute a dual basis of the tangent space basis {l_;}, or

3We refer the reader to Ref. [23], section III, for elements of differential geometry on Lie groups. For a more in-depth
treatment, for instance, see Ref. [24].

4We use the terminology inspired by the Minkowskian nature of si(2, R). Mathematicians call timelike generators elliptic,
spacelike generators hyperbolic and lightlike generators nilpotent or parabolic. In order to obtain a metric signature (—, +, +)
we adopt a metric proportional to the opposite of the one obtained on the SL(2, R) group from the usual Cartan-Killing
metric.



{7a}. We denote them by {A*} and {p*}:

)

1 1
ph= ﬁ(U, dUy —UydU_+V_dV, =VydV.) , M= g U- AUy U dU_ = V_dV, +V, dv_)
(2.17a)
1 1
P’ = ﬁ(—m dUL +V_dU_+ U dV, —U_dV.) , M= ﬁ(v, dUL —VydU_+U_dVy —U,dV_)
(2.17b)
1 1
P’ = ﬁ(—w dUy —V_dU_+ U dV, +U_dV.) , M= ﬁ(—v, AUy — Vi dU_ +U_dVy + Uy dV_)
(2.17¢)
They satisfy to the relations:
7 g a ]‘ a a ]' a
AM(ly) =65 = p"(7p) » A4 = T N napld , ph = Vi @) napry . (2.18)

As shown by Eq. (2.9) the O(2, 2) component connected to the identity is isomorphic to (SL(2,R)r ®
SL(2,R)g)/{Id, —Id}. The three other components are obtained by acting with the discrete transforma-
tions P, T and their product [22], where:

P {U+7 U_, V+7 V—}_’H_'{U;—7 U+a V—i—a V—} ; (2 19)
LA, T Y e = L, I3} '
{U+7 U-, V+, V,} - {U+7 u-,-v, _V+} )
7. 1 b 2.2
{ {Flv F27 ’F-?)} — {ll7 l27 _l3} ( 0)

The M??2 submanifold H equipped with the metric induced by the flat metric n (Eq. ) defines the
AdS; space. The intrinsic metric so obtained is invariant with respect to the isometry group O(2, 2), the
subgroup of the M?2 isometry group that preserves H. This metric, seen on SL(2, R), is invariant with
respect to both left and right actions of the group on itself (Eq. ) To be, let’s say, left invariant, a
metric must be such that its components, with respect to a basis of left invariant one-forms are constant.
But then, expressed in terms of right invariant one-form the metric components, in general, become point
dependent. So a general left invariant metric is not invariant with respect to the right action of the group
on itself. To be both invariant with respect to the left and the right actions the metric components have
to be invariant with respect to the adjoint group, defining a Casimir operator in the Lie algebra (see for
instance Ref. [23], section IV.5). On a simple Lie group there exists only one (up to a factor) bi-invariant
metric whose components are those of the Cartan-Killing metric of the Lie algebra.

The choice of the generators Eqgs , that diagonalise the Cartan-Killing metric in the Lie algebra (see
Ref. [18], section 4.8), allows us to write the bi-invariant metric as:

_ 3) -m n __ 3) \ym n

mmn

Here we have added an index (0) to the metric symbol, having in mind the further consideration of a
one-parameter family of metrics obtained from deforming the bi-invariant one.

)

)



2.2 Warped AdS; metrics
2.2.1 Partially invariant metrics

In this section we introduce warped AdSs geometries. They are obtained by adding to the maximally
symmetric metric an extra piece that partially breaks the six-parameter isometry group . The
term added consists (up to a factor) of the tensorial product of an invariant one-form with itself. Such a
form is completely defined by an element of the dual of the Lie algebra of the group and, as a consequence,
by the choice of a Lie algebra generator X, thanks to the canonical duality defined by the Cartan-Killing
metric between the Lie algebra itself and its dual. Of course, elements related by adjoint transformations
(in terms of matrices such that Y = g~! X g with g an element of the group) yield isomorphic warped
geometries.

In what follows let us assume that the extra term is right invariant. A single one-side (of right transforma-
tions) SL(2, R) factor is maintained but the other one of left transformations is reduced to a one-parameter
subgroup. The generator of this subgroup is X itself. It defines the Lie algebra of the so-called stabilizer
subgroup of the Lie algebra element X: the subgroup of adjoint transformations that fix the selected
generator. Moreover, according to the norm of this generator with respect to the Cartan-Killing metric
we will speak about spacelike, timelike or lightlike directions of warping.

The result of this construction of warped AdS3 consists to write the metric as:

I =940 A @&wm (2.22)

where &) = rq p* is a right invariant one-form, musical dual of a normalised (to £1 or 0) corresponding

right invariant Killing vector field: EER) = £47, obtained from the generator X, as in Eqs (2.11). Using
Eq. (2.21)), we can express the deformed metric solely in terms of right-invariant one-forms:

g =D 0D 0" @+ Ay @by - (2.23)

More precisely, its isometry group now consists of two components. The part connected to the identity
that reduces to the one-parameter group of left transformations generated by X times the remaining
full subgroup of right transformations: ({Expla X]|la € R}, x SL(2, R)r)/Zy. The part disconnected
from the identity is obtained from the composition of the first one with, for £z arbitrary, the involution

gzl PTgr where gr, is a left transformation that maps {x, on Bl or BS (Indeed P T maps {Bl, 32, BB} on
{=p', p*, =1}

The same construction may be driven by exchanging left invariant objects with right ones. Accordingly,
using O(2, 2) transformations, we may restrict ourselves to right invariant objects and use them in the
expressions of the metric g(y) with a warping one-form ({,) (that is defined up to a sign):

Ewy = o' (spacelike warping) (2.24a)
Ewy = BS (timelike warping) (2.24b)
Ewy = (BQ + ,03)/\/5 (lightlike warping) . (2.24c¢)



For the metric lj to be non-degenerate, we impose that the parameter \ satisfies the condition:

L+ X (€, 9oy Emn) = 1+ A (Emy - Emy) #0 (2.25)

Moreover, when the deforming one-form is timelike, we have to restrict A to be strictly less than 1 to
remain in the framework of Lorentzian metrics. For A > 1, the metrics are Euclideanﬂ

It is interesting to note that inserting the parametrization into the expressions
of the invariant forms so as to obtain their pull-backs on H, the timelike warped metric given by Eqs
(2.23) and (2.24b]) can be written as:

— cosh?(x) dt® + dx? + sinh?(x) d9% + \ (cosh2 (x) dt + sinh?(x) dﬁ)2 . (2.26)

Here, we see that when A < 0 and ¥ is large enough the closed curves of constant T and x become timelike.
For instance when A = —1, Eq. corresponds to the famous Godel metrid?] (see Ref. [5]), which is
known to be an example of a totally vicious space, as it has closed timelike curves throughout spacetime.
Of course, taking a quotient does not resolve this issue.

If £y = p! (spacelike warping) and A > —1 the metric signature is (+, 4+, —); it becomes degenerate for

A = —1 and is of signature (—,+, —) for A\ < —1. In this case, to reobtain a usual Lorentzian metric with
timelike vectors of negative norm, we have to replace the original quadratic form defining the metric by
its opposite. As a consequence we obtain, for A < —1 another branch of geometries where now the Gauss
scalar curvature is R = 2(3 — ) instead of R = 2(\ — 3).

In what follows, we restrict ourselves to geometries whose light cones result from continuous deformations
of those of the standard bi-invariant metric. Therefore, instead of condition Eq. , we impose:

T4 A - Em) >0 . (2.27)

Finally, when the deforming one-form is lightlike, the parameter A is not restricted.
On the other hand, for A > 0, whatever is the warping, the surfaces of constant T are global spacelike
sections of the manifolds. Thus, there cannot exist closed causal curves on these spaces.

2.2.2 Hopf-type fibration

In Ref. [29] warped AdSs geometries are presented as kind of Hopf fibrations over the Lorentzian space
AdS; or its Euclidean version: the Poincaré plane, with a warping of the fiber metric. We think that it is
interesting to analyse this approach as it provides an alternative perspective on the geometries obtained
in case of non-null warping: this perspective favors a coset structure (see [18], section 7.2).

We remind the reader of the Iwasawa decomposition theorem (see for instance Refs [24], chapter IX or [30],
section VI.4): a semisimple Lie group G always is diffeomorphic to a product of a compact Lie group K,
an abelian Lie group A and a nilpotent Lie group N. The factorization is not unique but requires the

5Such metrics are physically relevant in the scope of quantum three-dimensional gravity (see for instance Refs [25-27]),
but will not be considered in this work.

6As a cosmological solution it requires adding a flat factor to be a four-dimensional solution of Einstein’s equations
(see 28] with a cosmological constant and a pressureless fluid, whose velocity is aligned with 73, as the energy-momentum
source.)



compact group K to be the first or the third factor. In the particular case at hand, we obtain that the
elements of the SL(2, R) group can all be written as elements of the groups products:

SL(2,R)~ KxNxA or KxAxN or AxNxK or NxAxK (2.28)

where
A:={A,} :={Ezpla X1]la € R} (2.29a)
K :={Kp} :={ExpbXs]|b e [0, 2x[} (2.29Db)
N :={N,} := {Ezp[z (X2 + X3)]|z € R} (2.29¢)

with the X1, Xo, X3 the generators displayed in Eq. (2.10].
In particular, let us also consider the left actions of the one-parameter subgroups A (the abelian factor)
and K (the compact factor) on z. They transform the matrix components (Eq. (2.3))) as follows:
Aoz (Us, Vi) = e (Us, Vi) (2.30)
Koz (U +iVy) e *(Us +iVy) . (2.31)
Before displaying explicit specific formulas, to go ahead let us agree to denote by Xy a specific Lie algebra
generator.
The Lie algebra sl(2, R) constitutes a three-dimensional vector space that the Cartan-Killing metric (see
Ref. [18] section 4.8) makes a (2+1) Minkowski space M (?'1). We parametrize it with Lorentzian coordinates
{x!, 2%, 23} by expressing an arbitrary generator X € sl(2, R) in the fundamental representation of

the Lorentz group, using the basis (2.10), as X = z* X, and writing its metric n (proportional to the
Cartan-Killing metric) as:

N(Xa, Xp) = 3T7(Xa Xp) = 0ap, - (2.32)

Within this setting, we obtain a projection (pzr) of SL(2, R) onto the adjoint orbit M of the element Xz
in the Lie algebra sl(2,R):

pr :SL(2,R) = M Csl(2,R): 2z 2 ' Xz . (2.33)

The stabilizer subgroup of Xy in the coadjoint action is {+1} x H =: +H where H is the connected one
parameter subgroup of SL(2, R) generated by Xg. The coadjoint orbit M therefore naturally identifies
with the coset space £H\SL(2, R) via the diffeomorphism:

+H\SL(2,R) - M : +Hz s 2z "Xz . (2.34)
The projection py then defines a +H-principal bundle over the orbit M. We express it in coordinates as
pr 2z {at, 2?23} (2.35a)

where
2 = 3Trlz7 ' XpzX*] . (2.35b)

If Xy is chosen to be a spacelike generator (n(Xg, Xg) > 0) we obtain a one-sheet hyperboloid, an AdS,
subspace, in M. If Xy is a timelike generator (7(Xy, Xg) < 0) the image of the projection is a



Poincaré plane: one of the sheets of a two-sheet hyperboloid (see Ref. [18], section 7.2). Finally, if X is
lightlike (n(X g, Xpg) = 0) we obtain an (open) nappe of the lightcone.

In the same way as a point of H is represented by a matrix (Eq. ), a tangent vector ¥ may be
represented by a matrix:

'u::( Yt ”*) . (2.36)

—V_- U_

At a given point z, this vector may be expressed as belonging to a right or a left invariant field generated
by Lie algebra elements Vg or Vi:

d
= —ze'E

do

v= —e*VE 2

. (2.37)

a=0 a=0

where, using the previous matrix representation of ¥ we obtain the expressions of the generators Vg and
V1 in the fundamental sl(2, R) representation:

VR=wvz"! |, Vp=z"lv . (2.38)
The vanishing of the trace of these matrices reflects the condition (2.7): ¥(H) = 0.
The projections at the point z of this vector in the (fundamental representation of the) Lie algebra is
obtained by considering derivatives with respect to the parameter(«) of the right or left transformation
defining them:

. d, | _a o _ _
pH:[U(2)] = @(Z tem Vi X e Vrz) =z Xy, VRlz=[z7" Xy 2, V] ) (2.39)

a=0

From the expression (2.32) of the Lie algebra metric we see that scalar products of the projections of
vectors belonging to right invariant vector fields are constant on the coset space, while those belonging
to left invariant fields are constant along each fibre (but depend on the fibre). At each point z of AdSs,
as far as the fibre is not lightlike (Xz not nilpotent) we may decompose the tangent space T into a
one-dimensional subspace tangent to the fibre through z: h, and its 90 orthogonal subspace p,:

Tz = hz ® Pz . (240)

The g, metric, restricted to p, shares the same invariance as the pullback with respect to the projection

(0)
p of the Lie algebra. Thus they must be proportional, as they share the same orthogonal group. Indeed
we obtairﬂ that on p, @ p.:

pir(n) = =4 Tr(Xu Xu) g, (2.41)
pz®pz

This (degenerate) quadratic form is right invariant and also invariant with respect to the left transformation
subgroup H.
Let us now consider the musical dual £, (with respect to Q(o)) of the vector tangent to the orbits of the

7An illustration of the identity valid for 2 x 2 traceless matrices X and Y : Tr[(X Y)?] — Tr[X2Y?] + Tr[X 2] Tr[Y?] —
(Tr[X Y])2 =o0.
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left action of the subgroup H. It vanishes on the subspaces p. It also is both right invariant and invariant
with respect to the H subgroup of left transformations. We may use it to complete the quadratic form
into a non degenerate quadratic form B, : a metric, by adding a term proportional to the tensor
product {m) ® {m):

By = pi(n) + 1w ®Em ; (1 #0) (2.42)
The metric so obtained constitutes a warped metric involving a non-lightlike one-form.
Expressing this construction explicitly in coordinates, we obtain the following warped metrics:

o AdSs Hopf fibration: In case we consider an A-coset space, i.e. putting Xy = X; and using the
Iwasawa representation (A x N x K) the projection into the Lie algebra reads:

ot =3 Trlz' X2X)] = (U U- = V4 Vo) | (2.43a)
o? = 3 Trlz7' X12Xo]) = (U Vo + UV, (2.43b)
ot = —3 Trlz” ' X12Xs] = —(UL Vo - U-V4)} (2.43c)

that satisfy the equation (2!)? + (22)? — (2%)% = 1.
The coordinate system induced from the Iwasawa decomposition is:

Uy = e*(cos(b) — x sin(b)) ) (2.44a)
Vi = e*(z cos(b) + sin(b)) , (2.44b)
U_- =e * cos(b) , (2.44c¢)
V_ = e %sin(b) . (2.444d)

We obtain that the left action of A reduces to an a-translation: A,({a, z, b}) = {a + o, z, b}.
In terms of these coordinates, the pull-back p%(n) of the Cartan-Killing metric (a metric of the
AdS; space) is:

pic(n) =4db((1+2%)db+dz)) . (2.45)

The warping right invariant one-form, the g  ,-musical dual of 5;, the tangent vector field of the

(0)
orbits of the A-subgroup left action, reads:

Emy = 21 =da—zdb (2.46)
leading to the warped metric expression:
ds%)\) =—(1+2%)db* — dbdz + (1 + \)(da — z db)? . (2.47)

o Poincaré Hopf fibration: In case the fibres are the orbits of the right action of the K group. Adopting
the parametrisation dictated by the decomposition (K x A x N):

Uy = e® cos(b) , (2.48a)
U_ =€ * cos(b) — e x sin(b) , (2.48b)
Vi = e%x cos(b) + e sin(b) , (2.48c¢)
V_ = e%sin(b) ) (2.48d)
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the 900 musical dual one-form to the tangent vector field of the orbits of the K-subgroup left
transformations is:
) = BS = —(db+ % e**dx) . (2.49)
The coset space K \ SL(2, R) may be mapped on the lower sheet of the hyperboloid of equation:
—(2%)24(2")?+(2?)? = —1in M3 a Poincaré plane, via the diffeomorphism pg : z +— {z', 22, 2°}
where:
o' = 1Tr[z7 ' X32X] = (U Ve —U_V_) (2.50a)
2? =1Tr[z7' X32X0) = —3(U2 - U2 - V2 +V?) | (2.50b)
= -1 Tr[27 X352 X5 = L(U2 - U2 - V2 +V3)} . (2.50¢)

The pull-back of the Cartan-Killing metric now is:
pi(n) = 4da® + ' da? (2.51)
leading to the warped metric:

ds?)\) = da® + 1e**dz® — (1 — \)(db — sinh(2 z) da)? . (2.52)

To summarise we have highlighted, on AdS3 space, two trivial principal bundle structures whose base
spaces are “hyperbolic spheres”, motivating the word “Hopf-type”. ﬁ The writing of the metrics adapted to
these fiber bundle descriptions of AdSs (Eqgs , ) exhibits geometries given by Riemannian sums
of a one-dimensional fiber of topology R with a two-dimensional AdSs space (Eq. )or a Poincaré

plane (Eq. €52)).

2.3 Warped AdS; geometries as solutions of gravity models

Warped geometries occur as exact solutions in the framework of many three-dimensional gravity theories.
For instance, in Ref. |[31] they are presented as various deformations of string background field configurations
of the SL(2, R) Wess-Zumino-Witten model. Hereafter, we briefly consider three gravity theories for
which a systematic, geometrical approach allows to clarlfy and extend already known solutions.

We recall that since the one-from &, is invariant, &R) §(R) is a constant. We denote it from now by

e = & - iy . (2.53)
Accordingly, we have
o €(r)
Erop 970 Eper = — — . 2.54
®p In) S® 1+ Aew, (2.54)

From the expression (2.23)) of the metric we obtain as scalar curvature

8These fibrations constitute the SL(2, R) analogues of the standard Euclidean Hopf fibration:
SU(2) ~ 8% — U()\SU(2) ~ 52
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and the two identities, generalising similar ones occurring in Ref. [32]

R(/\) v = _2(1 - A G(R))g()\) uyv 4)\(1 +A €(R>) €(R)u f(R)u (2-56)

A

Vﬂ Emw = \/W?hwp g?;) Emyo (2.57)
where 7,,, 1= \/—g €, is the Levi-Civita tensor, R(y),, the Ricci tensor obtained from the metric

A
9o pv (Eq. (2.23)) and V its associated Levi-Civita connection. In case we rescale the metric (2.23) by a
factor £2 and €y, by ¢, the left hand-side of Eqs (2.55) and (2.56)) have to be multiplied by ¢? and the

one of Eq. (2.57)) by £. Notice that the determinant of the Ricci tensor allows to fix this factor. Indeed,
taking into account a prefactor, we have

00 det(RE) = —8(1 — New)) (1= N ely)) . (2.58)

These relations are particularly useful to establish the results that follow.

2.3.1 Warped AdS3; geometries as solutions to topologically massive gravity

The condition (2.27) allows us to interpret the metrics (2.23)) as solutions (see Ref. [2] and references
therein) of topologically massive gravity (see Refs [3334]):

Ruy = 59uvR+Aguy — 5 Cuu =0, (2.59)
where the Cotton tensor is defined as:

Crv =19l €1p0 V* (Rg ~lgg R) , (2.60)
for

A:

3—A
—% and p=—=3v1+ Xew, . (2.61)
Note that these last equations show that for
3—Aemy <0 (2.62)

we obtain solutions of topologicaly massive gravity with zero or positive cosmological constant.
In the same way we obtain solutions of new massive gravity, advanced by Bergshoeff et al. [35L36],
with field equations:

Ruy = 59w R+ Mg — 56 K =0, (2.63)
where
K,, =2V?R,, — %V/LVVR + %RRW -8R, "Ry + guv (3RMR"’\ — %VQR - %R2)
The metric ([2.23)) solves these equations for the values of the physical parameters given by:

Ao (35 + 30 X ew) — 21 A2 €2y)) and _ 17421 X e

(2.64)
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In case of the so-called general massive gravity theory, defined as a combination of the topological and the
new massive gravity theories, with field equations:

1
2€
again the metric (2.23)) constitutes a solution of the field equation for
A (35+30 X emy —21A%€2))  (B3—2Xem — 21X €)1+ New (2.664)
- 2017+ 21 X em)) 2 (17 + 21 X em)) ’ o
17+ 21\
= (17 + ) )1 . (2.66b)

23T+ New + 1)

2.3.2 Warped AdS3; geometries as solutions to Einstein-Cartan gravity

1 1
R/w - ig/u/R + Aguu - ; Op,y - K/LV =0 (265)

In Refs |37,[38] the authors consider the Einstein-Cartan gravity field equations:
0y By — 0y By =27V=ge€u,B° , (2.67)
Ruv = 59u R =12 guv = By By = By + B 9w (2.68)
where the metric is 3-dimensional Lorentzian, é a one-form, and 7 a constant.
Warped AdS3 geometries provide solutions of them’| with the one-form ﬁ being aligned with the one
deforming the bi-invariant metric. A direct calculation leads to the set of solutions:

C=\/14+Xew/T , g=2XA/14+ Xep, (2.69)

« Spacelike warping (ex, = +1)

ds® = 1? (—30 @p’+pt@pt+(1+X)p* @ £2> (2.70a)
B= q£2 (2.70b)
o Timelike warping (€, = —1)
mQE%QUf®f+§®E+f®f) (2.71a)
B=qp (2.71b)

Notice that the condition A > 0 makes these spaces chronologically safe (no closed causal curves).
o Lightlike warping (e, = 0)
d82 — 62 (_BO ®£0 _|_£1 ®£1 _|_£2 ®£2) 4 )\(pO _ p2) ® (p() _ P2)> (272&)

=q(p" - p?) (2.72b)

I

Here, X is the warping parameter used also in the rest of this work and L is a free parameter.

9These solutions appear in Refs [37}/38]; expressing them as warped AdSs geometries clarifies their properties.
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2.3.3 Warped AdS; geometries as Einstein-Maxwell-Chern-Simons gravity solutions

Warped AdSs3 metrics also appear as solutions to the three-dimensional Einstein-Maxwell-Chern-Simons
theory exposed in Ref. [32]. It is a theory involving a 3-dimensional metric g, and a potential A,. The
field equations are expressed in terms of the two-form Maxwell field F' = dA and its dual one-form F = xF’;

in components: F, = % —g €apeFP¢ where we choose epio = +1. Expressed in coordinates, they read:
8a~(-:Fb —61,?(1— = 2aFab N (273)
Rab_ %gabR: Agab+ %(gjagjb_ %gab ?C?c) s (274)

where A denotes the cosmological constant and « the so-called topological electromagnetic mass (a
constant, not to be confused with the function introduced later, in Eq. ) These equations are very
close to Eqs and accordingly admit warped AdS3 geometries with the potential A aligned
with the deforming one-form as solutions.

This leads to the set of solutions for which:

=20, a=—1+den/l<0 A= (1—dew)/l? (2.75)

o Spacelike warping (€x, = +1)

ds? = 12 (—BO ®£O + Bl ® Bl +(1+XN 22 ®£2) (2.76a)

A= qBQ (2.76Db)
o Timelike warping (e, = —1)

ds? = 1? ((—1+)\)£O®£O+£l ®;_)1 + £2®£2) (2.77a)

A=qp° (2.77b)

d52:€2 <—£O®£O+£l®£1+£2®£2+>\(,00—02)®(po—02)> (2783)

A=q (BO - Bz) . (2.78b)

All these geometries, as well as those obtained in sections and admit four Killing vectors:
the three left invariant ones and the right one selected for the warping. They remain solutions that admit
two Killing vectors once quotiented (see Sec. .

The three kinds of solutions 72.78 require that o < 0 (a consequence of our choice of the orientation
and our assumption that ¢ is a constant) in order for the Maxwell-Chern-Simons equation to admit
solutions in the framework of the ansatz used. The condition to provide (real) solutions of signature
{+, +, —} makes « real. For timelike warped geometries we need that 1 > X so the cosmological constant
is bounded from below by the mass parameter: 2/¢%> > A > o?. Similarly the spacelike warped solution
requires A > —1 for having the metric signature {+, 4+, —} and the Maxwell-Chern-Simons potential
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real. In the case of solutions built on a lightlike warping ansatz, the cosmological constant has to be
positive and is fixed by the mass parameter while the warping parameter always is arbitrary but negative:
A= —¢?A.

Just for completeness let us mention that by warping the round metric of S3 ~ SU(2) we also may obtain
solutions of Eqs with negative cosmological constant: A < —a?. But in this case since the
spacetime is compact and homogeneous, it is totally vicious (see Prop. 6.4.2, Ref. [2§]).

3 Geodesics on Warped AdS3; Spaces

A
In this section, we will study geodesics on warped AdSs spaces Denoting by V the Levi-Civita connection
obtained from the warped metric for the value A of the deformation parameter, the geodesic equations

read [}
A 0 0
Vou® = Vou® + X(EguP) V4 =0 (3.1)

where in this section we will omit the index “R”, to ease the notation. This writing of the geodesic

equations results from the particular properties that (right-)invariant Killing vector fields share on a group
manifold. They are of constant norm (denoted by €) and their orbits are geodesics for any deformation
parameter A:

- =

A
2(0)( ;) =¢ ) Vel* =0 . (3.2)

It is worthwhile to notice that the warping we consider exhibits analogies to that introduced by Kerr and
Schild [391/40]. Indeed, the Kerr metric can be obtained from the four-dimensional Minkowski metric using
a lightlike affinely parametrised geodesic vector and a function as warping parameter.

The geodesic equations may be integrated more or less easily in various coordinate systems (fibered,
Schwarzschild etc.), but we find it simplest to use the usual M?? coordinates and to start from a
Lagrangian including a Lagrange multiplier ¢ to fix the motion on the AdSs hyperboloid. We will show
that the geodesic equations then reduce to elementary damped harmonic oscillator equations of motion:
Eq. (3.21)).

We consider affinely parametrized geodesics obtained from the Lagrangian

1 o 1 . 1
Ly = 51X X+ A5 (2 X)" + 45 (0 X°XP +1) (3:3)

where the metric of warped AdS3 has been written as

1

Gab ‘= Tab + AE‘a Eb ) (nab) = _5 (nab) (34)

o o= O
oS o o
= o OO
o = o o

10 Actually we will work on SL(2, R), but the raising to its universal cover is obvious.
HThis equation can be reinterpreted as the equation of motion of a charged particle (of charge g := A €qu®), interacting

0
with the right invariant “Maxwell” field obtained from the invariant Killing vector: F,,, := V &, satisfying the field equation

0
V, FHe = —2 RW ¢,
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and its inverse metric is given by

a

gb:nab_

where € is the norm on H of the invariant Killing form used for the deformation
—a—b __
Nab = =" =€ ) (36)

which we can always normalize to —1, 0, or +1.
Any Killing form of AdS3 may be written as

E.=KuyX* (3.7)

where K[, denotes an antisymmetric tensor with constant components (the generators of so(2,2) acting
on usual coordinates of M?2). Left and right invariant form are obtained from self-dual and anti-self-dual
such tensors. It holds that
. X*=0 , (3.8a)
2, X0=0 (3.8b)

From Eq. (2.13]) we may distinguish six special matrix generators Rab and Lab such that the right and left
2 P

invariant Killing vector components read:

a a b a a b _ _
r(p)f(%bX , (p)*é“)bX p=1,2,3anda=1,...,4 . (3.9)

These generators satisfy the relations:

(@ ;b)) cd _ (3) ,,ab (@ ~b) cd _ (3) ,,ab
RV R =— , L L =— , 3.10
(p) © (a) © Toa 1 (®) € () ° o 1 (3.10)
C L L% R =0 3.11
@@’ @®® (3.11)
where p, g =1,2,3and a, b=1,...,4.
Variation of the Lagrangian, Eq. (3.3]), with respect to ¢ yields
Nap X“ X" +1=0 (3.12)
and as a consequence we have .
Nap X2X% =0 . (3.13)

. . . 11 —_ a . .
Moreover, as we restrict ourselves to invariant Killing vectors =* = R p X b we obtain from this last

equation and Eq. (3.10) that '
Nap Z¢ 2 =0 , (3.14)

i. e. on shell the invariant Killing vectors are of constant norm.
Variation with respect to X¢ yields

(Nap + A2aZp) X = qnap X — 2X(E,X0)E, ) (3.15)
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Now and in the following, we define

X, = nap X° ; (3.16)
2 =%z, (3.17)
k=gZ,X* . (3.18)

Thus, the equation of motion, Eq. (3.15)), may be rewritten

(Nap + ANEaZp) XP = ¢ X0 —2XKE, . (3.19)
Multiplying with the inverse metric Eq. (3.5) we obtain

o (5% _ H%E“ Eb> (Xt —2XkZY) | (3.20)
Upon using , reduces to
X0 = _9NEE 4 gX© ] (3.21)
Hence, on shell we have . .
i=2,%% =0 ’ (3.22)

confirming that & is a constant of motion, as it must be, = being a Killing vector. Contracting (3.21]) with
X, we obtain

gX% X, =X"X, +2 k2" X, = X X, — 2\ k>

d .
:%(X“Xa)—QL—)\kP:—QL—)\k? . (3.23)
Hence, as the Lagrangian is a constant of motion, g also is constant on shell. We obtain:
1
L= §(q —AEYH . (3.24)
Let us now consider
X9 X" = X XP + AXE,5 X0 = Xy XP + M? . (3.25)
AS . .
X XP = —2Xk2+q (3.26)
it holds that _ _
X Xb =q— M2 . (3.27)

Finally, as left and right invariant Killing vectors commute between themselves, we obtain, deforming the
AdS3 bi-invariant metric with a right invariant Killing vector, three extra constants of motion related to
the left invariant Killing vector fields. We obtain, as a consequence of Eq. (2.14)) the constants of motion

- <l = .
(ﬁ) = l?p) Nap X~ + Ak l‘(lp)_a ; (3.28)

that are related, on shell, to the previous ones by:

<£><§> NP =g — X2k . (3.29)
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3.1 Explicit solutions

We now consider more specifically a spacelike deformation with respect to 7, Eq. (2.13). In terms of null
coordinates we have to consider

0 +41 0 O
1f -1 0 0 0
Ea) =351 0 0o o0 41 , (3.30)
0O 0 -1 0
such that
He = K[ab]Xb = (Bl)a = %{+U—a 7U+7+V—7 7V+} 5 (331)
which yields the geodesic equations
Up £2 kUL —qUy =0 (3.32a)
Vit 2 kVe —qVe=0 . (3.32D)
Solving (3.32)), we find
s Ugo+pU. e Uro+pU. e
Uy = e <<Ui,0 4 =0 2p i70)6 Pitas 4 (Ui,o - =0 2p i’0>€_ p2+qs> . (3.33)
2 VP*+q VPita

where we have defined p = Ak and UL(0) = Uy, Ui(O) = Ui,0~ The initial conditions need to be
consistent with (3.12]) and (3.13)). Hence, they must fulfill

UiroU_o+VioV_po=+1 , (3.34a)
UJF,() Uf,o + Ufyo U+’0 + V+70 Vf,o + ny() VJF)O =0 . (33411))

Furthermore, due to (3.18]) and (3.26]) we have
k=3U_Up —ULU_+V_Vy =V Vl) (3.35)
q—2\K*=-U, U -V, V. . (3.36)

The solution, Eq. , remains regular in the limit where p — 0 and ¢ — 0. The explicit form of the
solutions shows the geodesic completeness of spacelike warped AdSs.

In case of a timelike warping, let’s say with respect to the vector 73 we have to consider =, =
%{VJF, V_, =U;, —U_} and the equations of motion:

Uy —2XkV_ —qUy =0, (3.37a)
Vo4 2 kU —qVo =0 (3.37h)
U_ —2XkV,—qU_=0 (3.37¢)
Vi+2XkU_ —qV, =0 (3.37d)
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while for the lightlike warping, with respect to %('FQ + 73), we obtain =, = % {0, V_, 0, —=U_} and the
equations of motion:

Uy —2X\EV_ —qUy =0 (3.38a)
Vo—qV_=0 (3.38b)
Vi 2 \kU_ —qVy =0 (3.38¢)
U —qU_=0 . (3.38d)

Lastly, let us emphasise that the warping of the metric qualitatively changes the behaviour of some
timelike geodesics. While on undeformed AdSs (A = 0) all timelike geodesics are closed curves and thus
each may be enclosed in a compact set, when A # 0 this does not hold true anymore generically. From the
previous equations we easily observe that for the case of spacelike warping there exist unbounded timelike
geodesics i.e. that cannot be enclosed in a compact subset. We also have such unbounded geodesics in
case of timelike or lightlike warpings if A > 0 while for A < 0 they remain bounded (but not necessarily
closed).

4 Warped AdS;3; Quotients

Interesting geometries can be obtained from warped AdS3 spaces by taking quotients, similarly as to how
the BTZ black holes were obtained from AdS3 by taking quotients. This is done by specifying, in addition
to the right invariant Killing vector E(R), a left invariant Killing vector field &L) We assume them to be
generically independent and define the identification vector

8= Ly €y + Ly &my . (4.1)

The quotient structure is obtained by compactifying the orbits of this vector field i.e. considering the
quotient manifold obtained through the action of the subgroups of left and right transformations (see Eq.
(2.11))

z~ Exp2nn X]z Exp[-2nm X§g] with n € Z ) (4.2)

where Xp (resp. X1, ) is the right (resp. left) generator associated to L., &, (resp. L EZR))

Before we discuss the nature of these spaces, let us introduce local coordinates adapted to this structure.
Hereafter, we assume the warping to be non-zero (A §7R) #+ 0). We may, a priori, distinguish between
three kinds of structures: the self-dual quotient where L, = 0, the anti-self-dual quotient with L, =0
(equivalent to the self-dual one) and the generic quotient (L, Lx, # 0). Moreover, each of these structures
subdivides into subclasses according to the nature (timelike, spacelike or lightlike) of the right and left
Killing vector fields involved.

12 Actually, any discrete subgroup of SL(2, R) isometrically acting (by left-translations) on our warped AdS3 spacetime
could in principle replace the X g-commuting subgroup elements Exp[2nm X ]| we consider here. For instance, choosing the
subgroup isomorphic to the fundamental group of a compact Riemann surface would lead to a compact quotient (and thus
to a space admitting at least one closed causal curve). Of course, the analysis, in those cases, is much more involved to carry
out. We thank an anonymous referee for inspiring us to consider this possible generalisation.
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4.1 Preferred local coordinates on (warped) AdS;

Hereafter we build “intrinsic” coordinate systems, having in mind a generic identification vector.
Preferred coordinates are obtained as follows. We start from the two vector fields £, and £, that we
write as:

Emy = 2 77(:1) ) E?L) =y* (a) (4.3)

and the vectors normal to surfaces H = const., see Eq. (2.8]).
Then we introduce a (non-trivial) one-form o such that

a(éw) = aléw) = alfipy) =0 . (4.4)

Defining

— -

Rab =7 Loy o &Y= Hpe) =0 ke (4.5)

we express ¢ in terms of right invariant one-forms: o = o, p(*) where (up to a factor):

b
0o = €abe® K, Y’ . (4.6)
From this one-form we may build a vector & = 0 7,y orthogonal to the three previous ones {,, ., and
(a0 -
Let us now define several scalars on M?22:

§ry Sy = €y H ) (€ = 2 4 z°) (4.7)
Sy Sy = €y H ; (€ = y" Navy") (4.8)
ém : f_zm = k=2 Nap k' Y° ) (4.9)
G-6¢=Ho(d)=H (K —en ex) H?) . (4.10)
Hereafter, we denote by A:
A = KJ2 — €mr) € H2 . (4.1].)
It is only when A # 0 that f_;R) and 5@) are linearly independent.
Without loss of generality, we also assume that the vectors £, and g(L) are normalised such that:
emy =%£1, 0 and €y ==£1, 0 . (4.12)

These conventions fix for each choice of the vectors EEL) and EER) the range of variation of x that soon
will be interpreted as a “radial” coordinate.
The four vector fields: 74, &, {x), &1y define, at each point where A # 0, a frame of the tangent space.
1

By duality, we obtain two fields of one-forms {BR’ BL} that with {—;5 dH, g} provide frames of the
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cotangent spaces where H # 0. Thus, the one-forms p and p” are such that their contractions are:

PCw)=1 . prEw)=1 (4.13)
p"(€wy) =p"(@) = p" (i) =0, (4.14)
p"(€w) =P (@) = p"(fis0) =0 . (4.15)
Let us notice that:
c=L1HdH "'k (4.16)

while the components of pft = pF p'®) and pt = pk ple) are

pl]j = 775131,) ("f K:bp yP — H? €w) xb)/A s (4.17)
pg = 77231,) (’i zb — €R) ’ibp y”) H/A . (4.18)

These one-forms are closed and thus locally exact (see Appendix , which allows to write them as
differentials of functions « and f:

<
Jos]
I
o
.N.
o
13
o]
I
U
Q

(4.19)

dp" =0 ie  pl=ds . (4.20)

Now we have all the ingredients needed to rewrite the metric of AdS3 in a “preferred” system of coordinates
adapted to the choice of the generators we made. It will be expressed in terms of the pullback h, of the
embedding of AdS3 on H C M? 2. To avoid an inflation of notation, we denote the pullback of a function
with the same letter as the function itself and write:

he(K) =K ) (4.21)
h*(A) =A= K/Q —€mr) € . (4.22)

Eqgs (4.16)), (4.19) and (4.20) are of paramount importance. They show that the pullbacks of the forms
g, BL’ BR are (locally) exact on H (exact on H where A # 0). They define local coordinates: {k, «, 5}.

‘We obtain for the one-forms:

ho(o) =1/2dx (4.23)
he(p") =da (4.24)
ho(ph) =dp . (4.25)

The metric components of g, are easily obtained by comparing the scalar products of the restrictions

(0)
on K of the vectors &, &y, and E(L) amongst themselves. Comparing their values, calculated using the

13Warning: notice that both are expressed with respect to right invariant one-forms but are not invariant one-form
themselves.
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expression of the metric in terms of the right invariant one-form, Eq. (2.23)), and in terms of (o, 3, k)
coordinates, we obtain:

1

— = dK? . 4.26
4 (K% = €m) €wy) ( )

90y = Em do? +2kdadf + e, dB? +

Let us notice that when both &g, and ., are timelike (em, = €1, = —1), we obtain that x| > 1, a
restriction which ensures that the metric signature remains Lorentzian.
To obtain the warped metric, we notice that &g, = x,p® (defined on H), that is the musical dual

one-form of the vector £ ), can be written:

§ry = D (e(R) ]_9R + ,%BL) = €w)da+ kdp . (4.27)

Thus, the expression of the warped metric is obtained by adding to Eq. (4.26]) the SL(2,R) symmetry
breaking term A&yr, @ {ny = A (€ da + £ df) ® (€, da + K df), leading to:

1

- = dK? . (4.28
4 (K% = €em €wy) ( )

9oy = €m (Lt emA) da® +2 (1 + €y A) kdadB + (e, + Ar%) dB? +

Equations (]m , (]m‘) become singular when A vanishes. This corresponds to a singularity of the g(x) .«
component of the metrics (4.26]) and . However, the determinant of these metrics remains regular,
indicating that the surfaces of constant x corresponding to zeros of A are coordinate singularities. They
may define horizons or potential topological singularities once some identification are performed. When
€m) = €, they are located where ) = £{,. If €y =0 and €y, =1 or €y, = 0 and €, = 1, they are
located where &y - &) = 0. If €ry =0 and €., = —1 or €., = 0 and €y, = —1, they are never reached,

as they are pushed to infinity.
The hyperboloid H is invariant with respect to the symmetry that maps a point on its antipodal one:

2 A(z)i=—z , (U, U_, Vi, Voy s {(~Uy,—U_,—V,, =V} . (4.29)

The left and right invariant Killing vectors being also invariant, the coordinates «, § and x are even
functions of the null coordinates. They define local coordinate charts. In section [5] we show how they are
glued together, such that they cover all the space.

Moreover, elementary hyperbolic geometry shows that for €y, = —1 and €, = —1, & is of constant sign
and of absolute value never less than 1 (|x| € R>1). If both €&, = 0 and €, = 0, & is still of constant
sign. When €y =1 or €y, = 1, there is no restriction: x € R.

Notice also that « is an even function of éL) but x and 8 are odd functions. As a consequence, A,
considered as function of x, has two single roots: x = %1 if and only if €, = €., = +1, a double root
k = 0 when €, €4, = 0 but only one single root Kk = +1 or kK = —1 when €y, = €4, = —1.

To close this section, we observe that, as E(R) A df(R) = €m) da Adrk A dB, Eq. ([£.27) tells us that, in the

present three-dimensional case, the one-form &, is a contact form unless f(R) is lightlike (e®), = 0, in

which case it is integrable). In particular (even when f_;R) is lightlike), the vector field g;R) generates a
one-dimensional Lie group which is the structure group of the bundle with total space AdS3 and symplectic
base equivariantly symplectomorphic to the coadjoint orbit of the element &g, in the dual si(2,R)* of
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the Lie algebra si(2,R). Note that, when contact, the vector field f_;R) is (proportional to) the Reeb field
of the contact structure (see for instance Ref. [41]) i.e. the vector field r determined by the conditions

ird@ =0 and @(r) =1.

4.1.1 Locally warped geometries as gravity model solutions

The geometry studied by Anninos et al. in Ref. [14] (also considered by [42]) constitutes a very interesting
extension of the warped geometries considered up to here. Let us briefly discuss them in the framework of
our preferred coordinate system. It consists of a lightlike warping (e, = 0) but modulated, by a function
A(k), depending only on & (instead of a constant) so that 0, and 0, remain Killing vectors. This ansatz
provides new solutions of various massive gravity theories. They are particularly easy to obtain using the
preferred coordinate system. For instance, as obtained in Ref. [14], for

A(K) = Ao w2732 ¢y [k + co/K? ) (4.30)

Ao, €1, Co being constants, these metrics are solutions of topologically massive gravity . Using the
identities Egs - we find that it is only for 4 = —1 or 41 that the geometry is locally AdS3
and for y = 3 that it is a warped one in the sense of Eq. (2.23). The computation of the Killing vectors
confirms this: if 4 # —1, 1, 3 there are only two (local) Killing vectors, but four when p = 3 and six
when p = —1 or +1.

In the same way we obtain solutions of the equations of new and general massive gravity theories
advanced by Bergshoeff et al. [35,/36]. The field equations of new massive gravity are displayed in Eq.
(2-63). The metric with €, = 0 and the constant A replaced by

)\(KZ) — 573/2 ()\+ KZV (1+§)/8 + A_ 1437 V (1+§)/8) + Cl/li + C2/I€2 , (431)

Ay, A_, c1, c2 being constants, solves them.

In case of the so-called general massive gravity theory, defined as a combination of the topological and the
new massive gravity theories i.e. with field equations (2.65), the metric with €y, = 0, where now
the constant A is replaced by the function:

A(k) = (E/41=3/2) (M )V @A EE2)/8/4p 4\ /@ pP 14 u2£+£2)/8/4u) ter/k+ ca /K2

)

(4.32)

(A+, A, ¢1, ¢o being four arbitrary constants), solves them.
In the framework of the Einstein-Maxwell-Chern-Simons theory we also obtain locally lightlike (er, = 0)
warped configurations that solve the field equations (2.73] [2.74). They read as

g o l?

__d0=" 214wl 2 _ 2
2(1—1—2@6)& +a/k+e/r , A=1/t . (4.33)

q=qor " feg/k, Ak) =
qQo, €1, c2 and c3 being constants. Notice that by allowing for ¢ to be a function, we are no more restricted
to impose o < 0.
When €5, = 0 and we restrict the local warping function to A\(k) = ¢1/k + ca/k?, the modified metric
remains locally AdSs but with different values of the parameters L,, L&, and with €., replaced by
sign(eq, + ¢1). When €, # 0 there is no non-zero residual local warping that preserves the local AdSs
character of the metric. We deserve a detailed study of these geometries for future works. To be complete,

24



let us mention that the same considerations apply to the metric but lead to a Godel-like spacetime
(totally vicious spacetime). In this case, the solutions are the same except that the parameter p has to
be replaced by —pu if we adopt the orientation €,., = 1 in both cases. This sign flip is an immediate
consequence of the change of coordinates, equations (4.40al [4.40b)) and (4.43a} [4.43b)), which link the

metrics (4.41)) and (4.44) to the metric (4.28)).

4.2 Preferred local coordinates on (warped) AdS; quotients

The (non-zero) identification vector used to quotient the warped geometry is given by a linear combination
of a left invariant generator £, — that can be chosen among the left invariant generators similarly as in

Eqgs 1 } —— and the vector 5(11) defining the warping

0= Lay & + Lo & = Ly O + Ly 0o 70 (4.34)

This vector is defined up to a sign. We always may assume that Ly, > 0 and Ly, > 0 (L, > 0 if
L, = 0) acting with an isometry in case of spacelike warping and distinguishing between future and past
oriented in case of timelike or lightlike warping (see Table . Let us remind that the si(2, R) Lie algebra
— and as a consequence, the AdS3 tangent spaces — has a three-dimensional Minkowski space geometrical
structure. Their generators — and as a consequence, the invariant vector fields they define — live on
various orbits: the origin, one-sheeted spacelike hyperboloids, future or past (half) null cones, future or
past sheets of two-sheeted timelike hyperboloids. Thus, we have to consider the following thirteen possible
cases depending on the nature (spacelike, timelike or hghthke) of the vectors §(R) and f(L)

Type € €w K (= &m - &) range
I, spacelike timelike keR
I, spacelike spacelike keR
1, spacelike lightlike keR
I’ f—timelike | f—timelike k< -1
I; f—timelike | p—timelike k>1
I, timelike spacelike k€eER
oy f—timelike | f—lightlike k<0
I, f—timelike | p—lightlike k>0
I, | f-lightlike | f—timelike k<0
I, f—lightlike | p—timelike k>0
I, lightlike spacelike keR
™ | f-lightlike | f—lightlike k<0
T~ f—lightlike | p—lightlike k>0

Table 1: f—: future pointing, p—: past pointing.

Moreover, acting with appropriate O(2, 2) transformatlons we may assume prescribed values of the vector

fields EER) and &L) at the origin (see section . In section |5 l we will analyse the causal structure of
the metric , using projection diagrams. For this, we recall the ranges of parameters in A
priori, €y, €0,y € {—1,0,1}, L), Liry € R, 7 € R and k € R up to additional restrictions coming elther
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from horizons, closed timelike curves or topological singularities. Since the overall sign in front of the
identification vector does not matter, we may assume L5, > 0 without loss of generality. Moreover,
as we distinguish between future and past-oriented generators (when they are timelike or lightlike), the
relevant range of parameters we have to take into account is: €y, €4, € {—1,0,1} (and Ly, > 0 and
Ly, >0; Ly, >0if Ly, =0).

The orbits of the identification vector are closed. Accordingly, for the resulting spacetime to be
non-totally vicious, see Ref. |[43], there must be a non-pathological chronological region, a domain where
the identification vector is spacelike with respect to the physical metric i.e. where

-,

. oL 2\ 2
(0 9) =g, 5)+A<£( )) (4.35)

INS]

is positive.
A necessary condition characterizing chronologically safe regions, the regions without closed causal
curves, is:

- =

9n(0: 0) = eq, Loy’ + €m Lo’ + 2Ly Ly 6+ Mew Ly + Ly 8)° >0 (4.36)

We insist that a priori this condition is only necessary but not sufficient.

If L, = 0 this requires €x, = +1: among the self-dual quotient space geometries only the spacelike ones
could be non-totally vicious.

When L, # 0 and

(14 Xew) La? — ey ALy2 <0, (4.37)

and if moreover A < 0 the space admits closed causal curves through any point.

Anyway, to avoid closed causal curves at infinity, we recover a condition already imposed: A > 0. Taking
into account the condition Eq. , this restricts 1 > A > 0 in case of timelike warping and A > 0 when
considering spacelike or lightlike warping.

On the other hand, if
(1+ XNewy) Liy? — €y ALwy? >0 (4.38)

there are two values of x , depending on the ratio B = Ly /Ly, that we denote g, and kg,

—(1+ AN)B+4(1+ A) B2 — A
K/gTC ( ) ) \/(A ) ) ‘o (439)
for which g()\)(g, d) vanishes.

Defining r = C(k — ;) or r = C(k — Kgpe), We obtain an expression of the metric such that the
chronological singularity is located on » = 0 and the horizons or topological singularities are either located
at ro = C(kd,. 1) or 74 = C(kgpe £ 1). This clarifies the origin of the isometry, noted in [16], between
metrics with two different values of 74 and r_, resulting in the same two invariants L, and L, (or T},
and TR).

For the following considerations, it is more convenient to use an angular coordinate ¢ that explicitly

reflects the 2m-periodicity implied by the identifications, along with another coordinate that ranges over R:
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I5; , (4.40a)
¢ =p0/Lu, . (4.40Db)
Using these coordinates, the metric is given by:

Iy = € (L+emA) dr® +2 (1 + ey A) (Lawy £+ €y Lewy) dr dop

+ <€<L> Ly + € Lw® + 2Ly Ly & + Mew Ly + Lo, 5)2) de®
1

- dK? 4.41
4 (K? — €r) 6<L>) ( )

+

and the identification of points simply reads (7, &, @) ~ (7, k, ¢ + 27). Notice that when €, = 0 we may
reabsorb L, # 0 into s by rescaling the lightlike vector &,.
On the other hand, to avoid closed causal curves at infinity (|x| — co) we have to impose the condition:

A>0 . (4.42)

Moreover, if Ly, = 0, the vector {5, only plays a role in the construction of the coordinate system. In
this case, it has no intrinsic meaning and all three coordinate systems leading to the metrics (4.41) with
€my = =1 or 0 are related by coordinate transformations, implicitly given by the equations of subsection

EZa
The coordinate change, Eqs (4.40al- 4.40b)) is not adapted for self-dual configurations, those with
Ly, =0 (and L, > 0). In these cases we define
T=0 , (4.43a)
¢ =a/Ly, ) (4.43b)

which leads to the local expression of the metric:

1

- = _dK?
4 (K? — €m) €1y)

(4.44)

9oy =(ew +A k%) dr? + 25 (1 + Newy) Ly d7dp + ey (1+ N ey) Lny* dp® +

For the quotient space with this warped metric to be not totally vicious we have to require €, = 1. Then,

we may assume condition (2.27)) instead of (4.42)).

4.3 Photon rings

In Ref. [17] the importance of photon rings, in the context of I, geometries (Eq. ) with €g, = €1, =
+1), is emphasised. Here we want to briefly describe them, using the preferred coordinates, as they are
particularly simple in this framework (and in our opinion).

These geometries present chronological singularities when the ratio

(4.45)



of the weight of the right and left invariant Killing vectors defining the identification vector d satisfies
(see Eq. (4.38)):
25 A

4.46
= Ty (4.46)
In this case, the chronological singularities are located at
—(14+XNB++/(1+MNB%2-)\
Kie = (L+Y A( +3) <0 . (4.47)

The qualitative analysis of null geodesics in the framework of black holes is easily obtained from the
expression of the metric (4.41]) with ex, = €y, = +1. Let us define

b= Ly p;/p, , (4.48)

the (rescaled by Ly,)) ratio of the conserved momenta associated to the 7 and ¢ coordinates, themselves
associated to the two commuting Killing vectors of the metric. From the zero-length condition of the null
geodesic and their two constants of motion, we infer that:

K2 —1

14+

i2 = 4((b(;<; +B)—1)?% -1 ) = U[\B,bx] . (4.49)

where, for future use, we defined a function U[A, B, b, k] that has to be non-negative along the null geodesic.

Photon rings are null geodesics invariant with respect to the two parameter isometry group generated
by £, ans {x,. They are obtained by solving the equations

UNB,b,s|=0 ,  0.U\NB,bk =0 (4.50)

whose solutions are

(I+XN)BE£VAX1+ XN
by = , (4.51)
(1+X)B2—2)\
Fe =214+ X)/A . (4.52)
One is given by a positive value of the x coordinate, the other by a negative value. They are outside the
region —1 < k < 1, bounded by the horizons (between which & is a timelike coordinate). When they exist
they correspond to an inner photon ring (located between the singularity and the inner horizon) and an
outer photon ring (located between the outer horizon and infinity).
When B? < \/(1+ \) there is no chronological singularity and the geometries present two photon rings.

When B? = \/(1+ \) the metric presents a double chronological singularity, coinciding with the inner
photon ring #~. As a consequence the relevant geometries possess only one photon ring:

BT =+/(1+X)/A . (4.53)
This endures as far as /A/(1 + ) < B < (24 A)/4/A(1 + A) in which cases we obtain that
Fore <R < Koo <O<RET | (4.54)

while for (24 \)/\/A(1 + \) < B the two photon rings are greater than k...
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4.4

Decrypting the coordinate systems

In the following sections we provide, for various choices of the vector fields {(R) and f_;L), explicit expressions
of the preferred coordinates x, o and 8 in terms of null coordinates, as well as the inverse expressions:
the parametrisation of the null coordinates defining the embedding of I in M?? leading to the metrics

expressed in local coordinates, Eqs (4.26)), (4.28).
%4.9

The first ones are obtained from Eq.

and the integration of Eqgs (4.19)), (4.20). The inverse relations

are obtained by comparing the scalar products of right and left Killing vector fields (see Eqs (4.5)),
expressed in local coordinates (see hereafter) with the same ones expressed in null coordinates by noticing

that:

Ui = % ((k22 — K33) £ (K23 — K32)) (4.55a)
Vi= —%((’122+H33)¥(E23+H32)) (4.55b)
U,U- = %(14—&11) ) ViVo = %(1—&11) (4.55¢)
UV = %(/{31 — Ka1) , U_V, = %(/{12 — K13) (4.55d)
U+V—=%(K12+H13) ; U—V—:_%(K31+H2l) (4.55€)

These equations provide the key to relate the various coordinate systems introduced in the literature to
describe warped AdSs spaces . The expressions of the Killing vector fields provide a straightforward way
to obtain the equations of the embedding leading to a given local AdS3 metric g, in a coordinate system

.

The algorithm consists of the following steps.

1.
2.

8.

From the warped AdSs metric g,,, compute the 4 Killing vectors.

Identify among these four vectors one, £#, that commutes with all the others and its dual 1-form:
& = gp‘vgﬂ

Consider the metric v with components v, := g, — A€, & and compute the value of A such that
the metric ,,, becomes an Einstein metric: R(y)# o 0¥

Rescale the metric v, by a factor such that R(y)i = —2 0¥

The rescaled metric is locally an AdSs metric. Compute (locally) its six Killing vectors (we already
know four of them).

Split them into sets of invariant vector fields {I,} and {F,}, normalised according to Eqs (2.16]),
and such that they obey the commutation relations Eqs (2.14]) and the positivity constraints Eqs

‘ 455b imply (—H33 Z 1\/[3,X.{|,"€32‘7 ‘:‘4223|, |I€22|}) .

Compare the scalar products kqp := 74 - l_é expressed in local coordinates with their expressions
in null coordinates and deduce parametrisations of the hyperboloid, Eq.(2.6|), in terms of local
coordinates.

Doing this for various coordinate systems provides implicit relations between them.

In Appendix [C.3] we illustrate the procedure with the example of the warped AdSs black hole written in
the coordinates used in Eq. (4.1) Ref. [2].
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4.4.1 Killing vectors

In Appendix [C] we describe an algebraic method to compute the parametrisation of the null coordinates
of the embedding of H in M?? from the expression in local coordinates of the bi-invariant metic. The
starting point is the expressions of the Killing vectors.
As the right and left sector are similar, we restrict our considerations to the left one. The right one is
obtained by permuting €, with €y, and 8 with o.

Two cases have to be considered, depending on whether €., is zero or not. From the metric Eq.
elementary quadratures lead to:

o Ifen, #0
Let s, = sign(k? — €x) €1,). (Let us remind that in general s,, = +1 unless €y, = €, = +1 in which
case k runs from —oo to +00.)
We obtain the left invariant vectors:

PR (4.56)

. cosh(2 /€1, B sinh(2 /e, B
o = €9 (m(aa —€ny K 0g) + 25,1/ |K? — €m) €] # 8R> , (4.57)

VIE? = ew) €l Ve
. sinh(2 ,/ex, 5
H3 = €1€2 ( ( wh) |(6(L> Oa — K 0p) +25. (/| = €m) €y | cosh(2/ew; B) 5n> )

VEw) K% — €m) €

(4.58)

g1 ==1 , g9 =41 (4.59)
They are orthogonal between themselves and of norms:

A1 - {1 = €,y ; A2 - flz = =Sk €, ; fs - fis=58s . (4.60)

The correspondence between them and the “standard” ones satisfying the commutation relations

Eqgs (2.14) depends on the values of €., and s,. The Lie brackets of the vector fields Eqs (4.56}{4.58)
are given by:

1, flo) =2fs , [fo2, 3] =2skewy fln ,  [H3, f1] = —2€q, fla - (4.61)

Accordingly we obtain (up to SO(2,1) transformations):

Ife,=+land s, =—1: L=/ , L=+ , ls=+fs (4.62)
Ifery=+1and s, = +1 : =i , lo==jis , I3==%f (4.63)
Ifey, =—land thus s, = +1 : [y =jis , ly=4iy , 3=+l (4.64)

The right invariant Killing vectors are given by a similar correspondence, but with opposite signs.
The two possibilities of choosing the signs of [ and I3 allow to always satisfy the positivity constraints

implied by Egs. (4.55a)), (4.55b)).
o Ifey, =0
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The left invariant Killing vectors reduce to:

pg1=05 (4.65)
ﬁ2:2(/€anfﬂaﬁ) ) (466)
gy = = (2524 fm

fis = Do + 48 B0, (25 +2R2)aﬁ . (4.67)

Two are lightlike. Their non-zero scalar products are:

— —

fi-ps=1 ,  jiz-fiz=1 (4.68)
and the linear combinations
Lh=(+a)/V2 , b=fs , 3=~ f)/V2 (4.69)

satisfy the commutation relations Eqs (2.14)).

4.4.2 Interlude: Killing spinors

Having obtained the expressions of the Killing vectors, a natural question consists in looking for Killing
spinors. As it is well known, their existence often signals that the underlying geometry is a solution,
in the sector of vanishing fermionic fields, of the field equations of some supergravity models. Indeed
supersymmetric warped AdSs solutions were found in some 3-dimensional supergravities; see for instance
[44-46]. Here, however, we restrict ourselves to the discussion of the existence of Killing spinors.

Only lightlike warped geometries possess such spinor fields when A # 0. They have A-independent
scalar curvature R = —6 and admit a Killing spinor ¥ — a solution to the equations:

1
VeS=Ez (4.70)

the sign depends on the representation of the Dirac matrices 7, used.
With respect to the frame:

1
M= _"q
! 2k ’

1
i(Q):I{da+§(E(L)+1+)\I€2)dﬁ ,

1
J_‘(3):ﬁda+§(e(L)—1+)\/~@2)dﬁ ,

this spinor reads

Z:\f%(ld—vl)S , (4.71)

where S is an arbitrary constant spinor. Its norm is zero and the Killing vector it defines is d,, the
(lightlike) one involved in the warping of the AdSs geometry:
XY =0 , (4.72)
Yy =1{1,0,0} . (4.73)
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This spinor is invariant with respect to the identification along the orbits of a. Thus, it remains well-defined
in the framework of the (extremal) black holes these identifications deﬁneE

The existence of this Killing spinor opens up the way to interesting questions. For instance, to examine
the supersymmetric properties of warped AdSs black holes in the so-called quadratic ensemble [47]. These
questions will not be considered here.

4.4.3 Singularities, horizons and all that ...

We now will examine in detail the various possibilities that the choices of fﬁ(m, {(m and & define under the
assumptions:

Liy>20 , A>0 , 1+emyA>0 . (4.74)

Singularities are of two types: chronological and topological. Chronological singularities are defined as the
boundaries of the regions where causal closed lines exist, topological singularities as fixed points of the
identification relation Eq. such that the resulting space is no more a differentiable manifold (see for
instance Ref. [2§], section 5.8).

Let us first consider chronological singularities. When they exist, these boundaries are given by the two
roots (Eq. ) of the quadratic equation defined by the condition Eq. . Moreover, to have a black
hole geometry, the corresponding singularities have to be hidden by horizons. Horizons are null surfaces
of constant k corresponding to roots of A: surfaces where g becomes lightlike (see Eqgs. , )

To continue the discussion let us recall that:
— the vectors f_;R) and QL) are each defined up to an SO™(2,1) transformation.

— their scalar product defines, Eq. (4.9)), the coordinate x

— the identification vector d is defined up to a sign.

The identification of the Killing vector fields expressed in null coordinates with those expressed in local
coordinates is restricted by several considerations. The vectors &y, and £, are given by 0, and 0Jg.

Moreover, the vector 7 3 and l_»213 must be chosen so that their scalar products satisfy the positivity

conditions implied by Eqs (2.6]), (4.55a]), (4.55b)).

There are several ways to break the SL(2,R) remaining isometry group of the metric by choosing the
vector f_;L). This leads to the list in Table |1| of warped geometries. The equations giving the action on null
coordinates of the discrete isometry group generated by Exp[27n 5] (n € Z) and used to define quotients
are immediate from their expressions in terms of the local coordinates «, 8 and k that transform as:

ar— a+27 L, ) B B+27 Ly, ) K K . (4.75)
On the other hand, the fixed points are the ones such that
Exp[Ly, X1z Exp[L) Xg| = = i.e. 27  Bxp[Ly, X1] 2 = Exp[— L Xg] . (4.76)

This means that the two generators L, X1 and —L, X belong to the same adjoint orbit in the sl(2, R)
Lie algebra.

14Scrupulous readers may wonder if this Killing spinor is globally well defined. The resolution of the Killing spinor
equation, Eq. (4.70]), using a global coordinate system yields a positive answer to this question.
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When the fixed points set is non-empty, it has the following structure.

1. If X, is timelike then its stabilizer subgroup in the adjoint action is (conjugated to) K = SO(2).
In this case, according to the Iwasawa decomposition, there exists a unique zg in AN such that — X =
Ad,,(X1). Hence the fixed points consist in the lateral class zy K i.e. a circle.

2. If X, is spacelike, then its stabilizer subgroup in the adjoint action is (conjugated to) A and there
exists a unique (up to sign) zo € KN such that —Xr = Ad,,(X1). Hence, the fixed points consist of the
set +29 A i.e. two lines.

3. If X, is lightlike, then its stabilizer subgroup in the adjoint action is (conjugated to) =N and there
exists a unique (up to sign) zg € KA such that —Xp = Ad,,(Xr). Hence the fixed points consist of the
set £2z9 N i.e. two lines again.

4.4.4 Explicit expressions

Let us now examine the various cases in Table [1|in detail. In particular, we recall that the sl(2, R) Lie
algebra has the structure of a (2 + 1)-dimensional Minkowski space with each generator belonging to one
of the various co-adjoint orbits: spacelike hyperboloid, future or past sheet of a timelike hyperboloid,
future or past sheet of the null cone and the origin (zero vector). Thus, elementary hyperbolic geometry
provides a check of the range of the x coordinate defined by the product of the right and left Killing
vectors involved.

e Spacelike warping: f_;R) =7, €m=+LA>0

- I, é;L) = l_i; 5 €wy = -1 ;
k=U,V.-U_V,€R | A=U2+VHU2+VH>1 ,  (477)
1, (U3 +V? 1 Uy Vo+U_V.
S 1Y e == e B i 4.
a=7 D(U2+V2> , g 2arctan(U+U_V+V (4.78)
and with k = sinh(2 p)
Uy = % (cosh(p) sin(B) F sinh(p) cos(3)) ) (4.79)
Vi = —et % (cosh(p) cos(B) + sinh(p) sin(S)) . (4.80)

These equations, combined with the expressions of x and « provide an unambiguous value of
B, on the contrary of the one given by the second of Eq. .

In this case condition Eq. always is fulfilled. The boundaries defining the chronological
singularities are such that

_ (1- B?)
Rore < —-B s —-B < H—C"_TC S T ) (481)
where B is given by Eq. (4.45)).
— Iy f_;m = fl s €Ly = +1 ,
K:U+U7—V+V, eR 5 A:—4U+U7 V+V7 5 (482)
1. ULV, 1. ULV
= Zln|—/—= =-1 4.83
“ 4H‘UV o PEgM T (4.83)
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Here we have to distinguish between several sectors:
For k =cosh(2p) > 1,p€R

Ur = opet @) cosh(p) , (4.84)

Vi = oy et @H) sinh(p) , (4.85)
for kK = —cosh(2p) < -1, peR

Us = +oy €5 sinh(p) , (4.86)

Vi= oyet@? cosh(p) . (4.87)

In all these four expressions oy and oy are equal to +1 or —1.
For k =cos(2p) <1,0<p <27

Uz = e cos(p) ) (4.88)
Vi = @8 gin(p) . (4.89)

If B2 < A\/(1+ €m ), then all the space is chronologically safe. Otherwise, the chronological
singularities are located in the region x < —1. Moreover, notice that the horizon x = +1 (resp.
k = —1) corresponds to the null surfaces Vi, =0 or V_ =0 (resp. Uy =0 or U_ = 0). When
Ly = L., the intersection line (U; =0, U_ = 0) is a line of fixed points with respect to the
identifications and thus constitutes a topological singularity.

- I, g;L) = (fQ - l_l;)/\@ ) €y =0 )
k=V2U_V,eR A=2U2V} | (4.90)
1 V. U,U_ -V, V_
o=l g (4.91)
2 U= 2V2U_V,
and with kK = 0,. €2” € R where 0, = £1 and s = +1:
_ 1420, Be%° e—(@=p)
UJF = Se(a p)T 5 U_=s W s (492)
(a+p) 1-20,8 2p
e —(a ok e
VJ,_:SO',QW 5 V_=se ( +p)T (493)
In this case the singularities are located in the region k < —B/2 < 0; the horizons are the
surfaces U_ = 0 or V; = 0 (corresponding to limit values of the coordinates: p = —o0, a =
+00, f=+00).
e Timelike warping: f_;R) =73, €m=—11>A>0
- I foy=—lz , ewm=-1 (4.94)
1
K=ty (UR+U2+VELVE) 21
1
A= (Us + U+ (Ve + V) (Us —U_2 + (Ve —V2)?) (4.95)
1 U2 +V2-U2-V?2
= — arct 4.96
“ Qarcan[Q(U_V+U+V_) ’ (4.96)
1 204 Ve —U_V_)
8= 3 arctan {V_E — 00T , (4.97)
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and with k£ = cosh(p) and p > 0
Uy = +cosh(p) sin(a — ) £ sinh(p) sin(a + B) , (4.98)

Vi = —cosh(p) cos(aw — B) £ sinh(p) cos(a + B) (4.99)
—I7: =1y, e =-1 (4.100)

ﬁ:—%(Ui+UE+V+2+V,2) <-1
= % (Us + U2+ (Ve + VL)) (U —U-2 + (Ve = V)2, (4.101)

! U2 +V2-U2-V?
o= +§ arctan[ SO Ve U V) ] , (4.102)
1 20V -U_V_
B= t5 arctan {Ué _+V_E+_ LR V)_z] (4.103)
and with K = — cosh(p)

Uy = (cosh(p) sin(a+ ) F sinh(p) sin(a — 5)) , (4.104)
Vi = (cosh(p) cos(a+ ) £ sinh(p) cos(a — 5)) . (4.105)

In both cases I] condition (4.38) is satisfied. Thus, there are closed causal curves located in

the region where £ is between kg, < —1 and k. > 1. Moreover the line x = 1 constitutes a

line of fixed points, a topological singularity line in case I, when identifications are done with
L) = L.

- I oy = (o —13)/V2 vt =0
o= arctan<g+>) , B = w (4.107)
and with k = e?? and 0 < a < 27
Uy =274 (cos(ar) e + 2 8 sin(a) e) , U_=2Y%cos(a)e? (4.108)
V. =274 (sin(a) e — 2 8 cos(a) e”) , Vi =2"%sin(a)e’ . (4.109)
- Iy §o=B+B)/V2, =0
L N U AL L (4.110)
V2 2
o= arctan(&) , B= W , (4.111)
and with k = —e2? and 0 < . < 271:
U, =24 cos(a)e” | U_ =2"Y%(cos(a) e — 2 4 sin(a) e”) ) (4.112)
V. =24 sin(a) e V, =27 Y4(sin(a) e + 2 cos(a) e”) . (4.113)

In both cases, the singularities are located in regions k < B/2.
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« Lightlike warping: g = (7 + 73)/v/2 ) €m =0

—mt: foy=lL+B)/NV2  , ew=0 (4.114)
k=-V? , A=Vt | (4.115)

Us U_
a=— 7 - 4116
oA v (4.116)

and with Kk = —e2” and s = +1:

Up=—-svV2ae . U_=—sV2p8e (4.117)
Vi=s(e?—-2ape) , Vo =s¢€ . (4.118)

From Eq. (4.39)) we directly read that .. = 0. Thus, the safe region on this local patch is
given by k < kg, = —2B/A < 0.

— I Eoy=>U—-13)/V2 , en,=0 (4.119)
k="U? , A=U* | (4.120)
o=Vt B=— V- (4.121)

V2U_
and with kK = €2” and s = +1:

Uy =s(e?+2ape’) | U_=sef | (4.122)
Ve =s5V2ae | V.o =—sV2pe" . (4.123)

There is no singularity on this local patch (as in this case k., = 0) but there is one on its
boundary. The surface U_ = 0 constitutes a lightlike chronological singularity, containing a
topological singularity on the line V. = V_ =1 when identifications are done with L, = Lz,.

The parametisations obtained for the choices of the vectors &g, and £, corresponding to the four types

1, 11,, fI; and ﬂb_ are similar to those obtained for the types I,, I, H;r and II,” except that the
functions o and 8 have to be interchanged, after having performed a discrete O(2, 2) transformationﬁ
Indeed, they correspond to the exchange of €., with €, in accordance with the writing of the metric Eq.
(4.26]). But once identifications are performed their causal structures may be different. This is why they
have to be taken into account.

Let us also emphasize that from the explicit solutions of the geodesic equations obtained in section [3]
together with the previous expressions of the a,  and s coordinates in terms of the null coordinates
provide solutions of the geodesic equations in the adapted coordinates, and more generally using the
algorithm described in Appendix in any coordinate system.

5 Projection diagrams

In this section we discuss the causal structure of warped geometries, using projection diagrams, which
were introduced in [15]. In subsection we give a summary of the results obtained. In subsection

5These transformations are for type I, : Vi < V_, for I, : Vi +» —V_, for H; : Uy < U- and for II," : Vi < V_.
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5.2] we recall the definition of a projection diagram given in [15] and provide some comments regarding
this definition, in line with what is said there. Subsections - provide our results. Subsection [5.6)
provides an alternative method of visualizing the causal structure of warped spaces. We warn that while
projection diagrams have many similarities to the commonly used Carter-Penrose diagrams, there are also
important differences. Carter-Penrose diagrams are obtained by performing a conformal completion of the
spacetime and then taking a slice, while projection diagrams are obtained by projecting to a subset of
two-dimensional Minkowski space: M1, in a certain way and then performing a conformal completion.
The causal structure of the warped black holes of [2], type I and II, in our context, has been discussed
in [16]. Our results agree with their analysis, for the case I, compare Fig. and Fig. a] to Fig. 7
and Fig. 8 in |16]; for the case II,, compare Fig. to Fig. 9 in [16]. The geometry IT, appears in
Eq. (2.4) of Ref. [14] when z = 2. Using their notations, in which o and § are constants (not to be
confused with the functions introduced in Egs 7), their geometry corresponds to the local
metric with €m) =0, €qy =1, Kk =71/, Ly = o, Lgy = §/2 and A = 1. The paper [14] claims
that the geometry describes a black hole when 3 > 2a, where the causal singularity is hidden behind an
horizon, in accordance with Eq. and Fig. For z = 0 or z = 1 their metric is locally isometric to
AdS3, for all other value of z it is an AdS3 space warped by a lightlike Killing vector. Moreover, unless
z =2 (or 0,1), the warping factor is not constant, but local (see Section .

5.1 Summary of the causal structure

Here, before going into the details, we summarise the results obtained on the various causal structures
when the warping parameter A is nonzero. For the metric (4.41) which has L, # 0, we find the following
causal structure, classified according to Table [T}

o Spacelike warping (ex, = +1):
The case I, has a naked singularity with projection diagram given by Fig. [Ta]
The case Iy (€4, = +1) is the standard warped version of the BTZ black hole whose causal structure
has also been discussed in [16]. The spacetime possesses closed timelike curves when the ratio
B = L,/L,, defined in , satisfies B2 > A\/(1 + A). In addition, for B =1 (i.e. L, = L)),
the locus kK = —1 contains a line of fixed points, leading to a topological singularity, as pointed out
in Sec. [£.44] Extending from k = oo inward, the corresponding projection diagrams in the different
regimes are given in Fig. [6a] and Fig. [fa] Extending from x = —oo inward, the projection diagram
is given by Fig. For B2 < /(1 + \) the spacetime is devoid of closed timelike curves and the
projection diagram given by
In case I, (¢4, = 0) with Ly, # 0 we obtain extremal black hole configuration if we extend from
K = oo inward., see Fig. [Ba] Extending from x = —oo yields Fig. [T} When L, = 0, the projection
diagram is given by Fig.

o Lightlike warping (ex, = 0): The cases o, o, l~Tb+, ﬂ; have naked singularities. For I, if
B2 > )\ and if we extend from k = oo inward, we obtain Fig. while if we extend from kK = —oc0
inward, we obtain Fig. For B? < ), the metric is devoid of CTCs and the projection diagram

given by Fig. 24

o Timelike warping (e, = —1): The cases I, I, , I, IT, have naked singularites. The case I, has
naked singularities when B? > A\/(1+ A) > 0 and in that regime the projection diagram is given by
Fig. When B% < A/(1 — ) > 0 the spacetime has no CTCs and the projection diagram is given

by Fig. [IH
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For the self-dual configurations (L, = 0) we find the following:

o Spacelike warping (er, = +1): For €x, = +1 there are never any closed timelike curves. For
€ry = —1 there are no horizons. For €¢;, = 0 and ¢, = 1 the causal structure is given by Fig.
[Bb] and Fig. 2B} respectively. In these cases, the horizons don’t appear to be black hole horizons
(compare to discussion in Sec. 2.3 of [48]).

o Null or timelike warping (e, € {0, —1}): The spacetime has closed null curves through every point.

To summarize, the cases Iy, IT, and IT,, have the causal structure of a black hole.

5.2 Definition

In [15], a new class of two-dimensional diagrams, the so-called projection diagrams, were introduced as a
tool to visualize the global structure of spacetimes. These diagrams can be used to depict non-spherically
symmetric or non-block diagonal metrics with two-dimensional diagrams, using a two-dimensional auxiliary
metric constructed out of the spacetime. For the convenience of the reader, we now recall its definition [15]:

Let (M, g) be a smooth spacetime and let M*" denote (n + 1)-dimensional Minkowski spacetime. A
projection diagram is a pair (w,U), where

m:M—-W, wc Mmbt

is a continuous map, differentiable on an open dense set. U C M is an open set, assumed to be nonempty,
on which 7 is a smooth submersion, such that

1. every smooth timelike curve o C w(U) is the projection of a smooth timelike curve w in (U, g):
o=Tow;

2. the image mow of every smooth timelike curve w C U is a timelike curve in M1

The two requirements on timelike curves ensure that causal relations on 7 (U) reflect — as accurately as
possible — causal relations on U. By continuity, it follows that images of causal curves in U are causal in
m(U). Many spacelike curves in the original spacetime are mapped to either null or timelike curves in the
diagram.

The map 7 in the definition of the projection diagram is used to systematically construct an auxiliary
two-dimensional metric out of spacetime. One then performs a conformal completion, which is always
possible in two dimensions, and draws a diagram of the two-dimensional auxiliary metric. This auxiliary
metric shares important causal features with the original metric due to the requirements on 7.

We give some comments on the definition. While it is assumed for simplicity that (M, g), 7|y and the
causal curves in the definition are smooth, this is unnecessary for most purposes. In the definition, it is
assumed that the map m maps U to a subset of M but this can be modified. In some applications it
might be more natural to consider different two-dimensional manifolds as the target space; an example of
such a spacetime is already given in [15] and requires only minimal modification of the definition. For
additional explanations with regards to the definition consult Ref. |15] section 3.1].

Importantly, the requirements in the definition ensure that if there exists a black hole region in the
diagram, there exists a black hole region in the original spacetime. Indeed, if the diagram has a black
hole region B, then B =W — J~ (£ (W)) is nonempty. Here, J~(.#1) denotes the causal past of &,
future null infinity. This implies, that all curves leaving the black hole region B and hitting .# T (W) at
late times are spacelike. We now define a new set B for which it holds that B = 7(B). Assume that there
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exist causal curves, moving forward in time, that leave B and that go to future null infinity; then this
must also be the case in B = m(B) via the axioms of the projection diagram. This immediately leads to a
contradiction. Therefore, if a black hole region exists in the diagram, a black hole region must exist in the

original spacetime.

5.2.1 Conformal diagrams of two-dimensional, static metrics

In what follows we will need to construct conformal diagrams for metrics of the form

N drk?
(o) = —F(r)dr® + ) (5.1)

where 7 € R and F (k) is an analytic function on an interval. The geometry of the spacetime and its
potential extendability will depend upon the sign of F , the zeros of F and their order. A systematic
study of conformal diagrams for two-dimensional metrics has been carried out by Walker [49], which was
reviewed in [15]. For convenience of the reader, we recall the details needed for the considerations in this
work here and refer for an in-depth discussion of this topic to [15,49], as well as [50].

Following [49], we consider separately maximal intervals (“blocks”) on which F'(k) is finite and does
not change sign. These intervals define the ranges of xk and lead to connected Lorentzian manifolds on
which g(o) is defined everywhere. The conditions under which such manifolds can be patched together
were discussed in [49]. Following [15/49], we first bring the metric into a manifestly conformally flat
form by choosing a value £* such that F (k*) # 0 and introduce a new coordinate

"o ds
z(k) = /H % , (5.2)

which yields .
9@ = F(k)(=dr® +da?) . (5.3)

When z(k) ranges over R on the block, we obtain that the block is conformal to a diamond (the conformal
diagram of the usual 2d Minkowski space). When z(k) is only diverging at one end, we obtain that the
block is conformal to a triangle. When z(k) is finite at both ends, we obtain a strip.

It was shown in [49] that four blocks can be glued together across a boundary where

Flko)=0 ,  F'(ko)#0 (5.4)

such that the Kruskal extension so obtained is real analytic. If the function F(li) has a higher-order zero
at kK = Ko A A
F(K,()) =0 5 FI(Ho) =0 s (55)

one may only glue together two blocks, as was shown in [49] by performing an Eddington-Finkelstein
extension.

5.2.2 Extendability of spacetime

In the last subsection, we discussed under which conditions a two-dimensional spacetime of the form
can be extended across a surface k = kg, on which F(kg) = 0. As shown in [15], since x is a real analytic
function in terms of the Kruskal coordinates, also the spacetime metric g,, extends smoothly across
k = Kkg. The quotienting procedure may give rise to closed timelike curves or topological singularities
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and we will cut our spacetime off in such a way that the resulting spacetime is devoid of closed timelike
curves/topological singularities. In the regions where closed timelike curves appear, causality is not
represented in any useful way in the projection diagram. For this reason these regions are removed from
the diagram.

5.3 The generic cases: A\ >0, Ly, >0, L,, >0

We now discuss the causal structure of and using projection diagrams. We start with
where €g), €y = {£1, 0}, L, > 0 and L, > 0. In addition, we split the cases according to the
classification in Table [T} The case L, = 0 is covered by the metric (.44}, which we will cover later (see
Sec. . We recall that to avoid a change of metric signature we impose, see Eq. ,

A+ewN) >0 . (5.6)

to stay in the domain where the signature of the metric is given by (—, +, +).
For our considerations it is useful to put the metric, Eq. (4.41), into the form

dr?
_ 2 2 2 2
9y =N (k)F(k)dT* + 7(r) + R*(k)(d¢ + N¥(r)dr) (5.7)
with
Lay?(Newy +1)
N2()) = Zw (R)
() = 2o (53)
F(k) = 4(/—12 — €L €Em)) , (5.9)
(1+Xew) (L) + €m) Lwy)
N¥ = 1
(x) s , (5.10)
R*(k) = Lu,> (KA + €)) + 26 L) Liny (1 + X emy) + Ly €y (1 + N emy) . (5.11)

The spacetime is defined as the region where R?(k) is non-negative. The region R?(k) > 0 is where no

closed timelike curves occur. We will refer to the locus k = k2, for which

R (ko) =0, (5.12)

as the chronological (or topological) singularity that defines the boundary of the manifolds we consider.
Fol ] \ # 0, there are two roots of this equation, given by Eq.
For A =0 but L, L) # 0 one root (kg,.) is pushed to infinity while the other reduces to

’ich = _(G(L) B+ €wR) B_l) ) (5'13)

where B is given by (#.45)). If X and the product L., L, vanish, R(x) reduces to the constant €., L2 +
€y Leny? which fixes €, or €, to be equal to one.
We then write the metric as

Iy =N ) (‘FdTQ + d; ) + R(k)*(dg + N*(k)dr)? (5.14)

161et us also remind that for A < 0 there are closed timelike curves at large values of x which is why we focus on A > 0 in

this work (see Eq. (4.42)).
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with

P N F(r) = Y +;“‘> A 20— epem) . (5.15)
\/(H — Kdre) (K = Kare)

To discuss the causal structure of the warped AdSs quotients, we construct projection diagrams. The
projection T is given by (7, K, ) + (7, ) and maps (M, g) to a subset of M1 with local metric

7= N(x) (—Fer + d}'f) : (5.16)

where N (k) is strictly positive in the domain of interest. To build the various projection diagrams we have
to look at the domains of definition of the x variable (R(x) > 0) and, the behaviour of z(x) at infinity
and, when relevant, the behaviour of (k) near k = 0, +1. Table [2| summarizes our results.

Generic cases 2(k0) o< /AT = Xew) [ 1/ (K — Kdre) (k5 — Kare) /(K — emew)) dr x(£00) = div.(0)
Type {em, cw) B>0,2>0 Kidro oo 2(hibnc) | 2lhiore) | 2(+1) [ 2(=1) | 2(0) Fig.
I, keR | {+1, -1} eR eRy K> Klre or K < kg <0, Fig. |1a‘|
I, keR {+1, 0} B>0 <0 < Ko <0 I K < Kgpe Fig. [la
{+1, 0} B>0 <0 < ke <0 - div.(1) K > Kl Fig. Ba)
{+1, 0} B=0 =0 =0 div.(0) | div.(0) div.(0) >0 or k <0 Fig. lcl
Iy, k€R {+1, +1} B2 < A/(1+2) eC eC div.(0) | div.(0) Fig. pa/
B2>A(1+A), #1| <-1/B<-1 1. div.(0) | div.(0) K> Kb rlnhl
B=1 =-1 =—(A+2)/A<-1 f. div.(0) f x> —1 Fig. Ir’la
B2>)\/(1+)) <-1/B< -1 I K < Kgpo Fig. [la
If, k<-1| {-1, -1} >1 <-1 Kare > £ Fig. [la
ID, k>1 | {1, -1} >1 <-1 . Fig. |1l
o, x<0 | {-1, 0} B>0,1>1>0 >0 <0 Fig. |la
B=0,1>A>0 =0 =0 div.(0) | div.(0) div.(0) Fig. |1c
o, . x>0 {-1, 0} B>0,1>A>0 >0 <0 Fig. |la/
B=0,1>A>0 =0 =0 div.(0) | div.(0) div.(0) Fig. |1c
I, keR | {-1, +1} B2 < )\/(1-)\) ecC ecC Fig. [1b
B2>)/(1-)) >-1/B <-1/B 1. 1. Fig. [1al
ol k<o | {0, -1} A>0 (VBT A—B)/A | =(VBTF XA+ B)/A Fig. [1a
I, x>0 | {0, -1} A>0 (VBZTX-B)/A | ~(VBT+ X+ B)/A Fig. [1a
mt, k<0 {0, 0} B>0 =0 =-2B/A K < Kope, Fig. [la
B= =0 =0 div.(0) | div.(0) div.(0) £ < Koo, Fig. |le
m. x>0 | {0,0) -0 — 2B/A<0 div.(1/2) x>0 Fig. |1c|
I, keR | {0, +1} A> B2 ec ecC div.(1) Fig. |Qa‘|
{0, +1} A< B? < -1/VX 1 K < Ko Fig. |la
{0, +1} A< B? <-1/Vx I div.(1) K> Ko Fig. Bal

Table 2: A summary of all the elements needed to fix the causal structure of the maximal extension of
the various types of warped geometries displayed in Table [I] with metric (4.41). (B is given by (4.45), f.
= finite, div.(0)= logarithmic divergence, div.(n)=divergent (as 1/e™))
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5.4 The warped self-dual cases: A\ >0, Ly, >0, L., =0

If €ry < 0 the full spacetime contains closed timelike curves. We thus consider €5, = 41 where no closed
timelike curves occur and k belongs to R. The metric (4.44) can be rewritten as:

dr?

ds? = —(k? — e, )dr? + + (1+ ) L 2(dep + —— dr)? (5.17)
A(k* — ewy) (®)
such that
F(r) =2(k?—euy) . (5.18)
The integrals defining z(+o00) are finite and thus are vertical lines in the diagram. As L., = 0 the
z(ko) o< [ 1/(k2 —eqwy))dr , em) =+1, KER, (doo) = f.
€y | x(+1) | z(-1) x(0) Fig.
-1 Fig. [1d
0 div.(1) Fig. [2b
+1 | div.(0) | div.(0) Fig. |5b]

Table 3: A summary of all the elements needed to fix the causal structure of the maximal extensions of
self-dual (L, = 0) warped geometries with €, = 1 which are described by (4.44)) (f. = finite, div.(0)=
logarithmic divergence, div.(n)=divergent (as 1/€™))

geometry of the warped AdSs quotient does not depend on the nature of the vector £, but the local
coordinate expressions of the metric and the corresponding domains of the various coordinate patches do.
The three expressions of the metric for €, = %1, 0 are local descriptions of the complete space
depicted by the strip, with the various coordinate patches covering different domains of the full space (See
section [4.4.4)).

Note that the function F'(k) is independent from A. Thus, the discussion of the causal structure
of warped geometries applies mutatis mutandis to the unwarped situation (self-dual BTZ black hole
geometries).

5.5 The special case of no warping A =0

To be complete and allow the reader to compare the projection diagrams with previous work on the causal
structure of BTZ black holes |10], we suppress the warping by setting A = 0. Accordingly, the root k2.,
of Eq. is pushed to minus infinity; the chronological singularity rests at kl.. = —(ew) B + €x) B™1)
and z(c0) is finite. As now the left and right vectors are on the same footing, we have fewer cases to
consider: the exchange of £y, with ., here reduces to the replacement of B by B~! (for B # 0). For
B = 0, the causal structure is the same as in the unwarped case.
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2(ko) x VB [ \/(k = Kére) /(K = €meny) dr ) z(+00) = f.
Type few, e} | B>0 Kre w(kdre) | 2(+1) | z(=1) z(0) Fig.

I,, keR | {+1, -1} 1/2(B~' - B) e R 1 K > K., Fig. |le
II,xeR {+1, 0} -B/2<0 f. div.(1) k> —B/2, Fig. |3b

I, keR | {+1, +1} | B=1 -1 £ i) | %> —1, Fig. |4b

B#1 < -1 f. div.(0) | div.(0) K > k&po, Fig. [6b

I;,x>1| {-1, -1} >1 f. K> k& > 1, Fig. [le
I, , x>0 {-1, 0} B/2>0 f. k> B/2, Fig. [le
m, x>0 {0, 0 =0 div.(1/2) % > 0 Fig. [Lf

Table 4: A summary of all the elements needed to fix the causal structure of the maximal extension of
generic BTZ geometries (see Ref. [10]) which here are given by (4.41) with A = 0. (B is given by (4.45)),

f. = finite, div.(0)= logarithmic divergence, div.(n)=divergent (as 1/€"))
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Figure 1: Configurations without a horizon, encountered in types
(a): Lo, Do, Iy, I, 007, I, y , DT, 0T, each only for A # 0
)

(b): I, only for A # 0

(c): I, Hljf, T+, each only for A # 0

(d): self-dual case (L, =0), €ry =1, €1, = —1
(e): I, I, IT," each only for A =0

f): oI only for A\=0

(f) y
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Figure 2: Configurations with one horizon, no singularity, encountered in types

(a): I, only for A # 0
(b): self-dual case (L, =0), €my =1, €1, =0
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Figure 3: Configurations with one horizon, encountered in types

(a): I, IT, for X\ # 0
(b): IT, for A\ =0
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Figure 4: Configurations with one horizon
(a): Ip for A #0
(b): Iy for A\=0

Figure 5: Configurations with two horizons, no singularity, encountered in types

(a): Ip for A#0
(b): self-dual case (L) =0), €my =1, €y =1
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Figure 6: Configurations with two horizons, encountered in types
(a): Ip for A#0
(b): I for A=0

5.6 An alternative projection using a modified Iwasawa coordinate system

In the previous sections, we displayed the causal structure of the different Lorentzian spaces defined by the
various ways of warping the bi-invariant SL(2, R)-metric and taking quotients of the SL(2, R) manifold.
Here we would like to present an alternative description of the causal structure obtained directly from
the quotient structure. The idea has been described in detail in Ref. [51], section 4. We limit ourselves
to the black hole configurations. The idea consists of the following. Once the identifications leading to
black hole structure are fixed, we build a global coordinate system, adapted to the so-called bi-action:
the combined right action generated by the left invariant component L &, of the vector ) defining
the identification and the left action generated by L&), as given in Eq.. Assuming Ly > Ly, it
consists of the parametrisation of the matrix z, Eq.7 obtained by writing it aﬂ :

(A T S T (st A 10 | (R R N B CAT)
= a(L v) n(u) k(t) a(Layv) . (5.20)

N
Il

This decomposition dictated by the quotient furnishes a fibre structure — a foliation parametrised by v
— of the space. Consider a sheet (v constant) of this foliation. To each of its point corresponds a circle of

17In case where L(ry < L(1y a global parametrisation is obtained by writing z =: a(Ly v) n(u) k(t') a(L) v)
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the warped AdSs black hole: the orbit of the one-parameter subgroup generated by the e 9 translations.
Plugging this parametrisation in the metric Eq. (2.23]) we obtain:

9oy =~ dt’”® — dt’ du — 2 Lwyudt dv— L,y sin(2t') dudv + {L(R)Q + L) +2Lw L, (cos(2 t') — u sin(2 t'))} dv?

2
+ )\ [(L(R) + L(L) ( COS(2 tl) —Uu Sil’l(? t/))) d’U — Udt/:| . (521)
In these coordinates the identification yielding the black holes structure, is simply:
(', u,v) = ', u,v+27m), mezZ . (5.22)

Then project on the sheet, parallelly to the d direction, the local light cone. So causal curves with
respect to the warped metric project inside the light cone projection.

The space-time causal structure may be described by considering the two fields of directions resulting
from the projection on a surface of constant v-coordinate of the light-cone, parallel to the 9, direction.
To lighten the notation let us write the metric Eq. : ds? = gapdz®dx®, with {2} := {t, u, v} and
introduce a 2D metric do? = v, ,dz® dz®. The field directions we are looking for correspond to the two
null directions of this 2D metriﬂ, defined by:

do? = (Gav Gbo — Jab Goo) dz® dz’ =: v, pdz® da® , {z} := {¢, u} (5.23)
i. e., using the variable p = arctan(u) instead of w:

dt .__’Ytuj: 7t2u_’ytt7uu

— = 5.24
dp cos?(p) Ve + ( )

Notice that these fields are only defined on the chronologically safe region. We easily verify that:
Y2 = Vet Yuu = —det(gap) guw- We also easily check that the curves defined by the intersections of the
horizons, Egs. , , with the surfaces of constant v-coordinate constitute solutions of Eq..
We also find it illuminating to draw several sections of the space, represented by the cylinder (see
Appendix ) given by the product of a unit disk labeled by tanh(x)e’® and a time axis T, using the
T, ¥, X coordinates introduced in Egs. , . Surfaces of constant x are ¢ invariant. They read:

KJ:U+ U_ *V+ V_ (525)
= cosh?(x) cos(2T) — sinh?(x) cos(29) (5.26)
=cos(2t') — u sin(2t) . (5.27)

In particular, we reobtain results displayed in Ref. [51], that the horizons are the surfaces:

H t=7n/24+mmn Hy - u = cot(t) (5.28)
H t=mm Hy u = —tan(t) (5.29)

as follows immediately from Eq. (5.27)) for x = £1.

18Incidentally let us notice that the curvature of this metric blows up on the chronological singularity and the metric
signature changes, becoming Euclidean.
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Figure 7: Universal features of spacelike warped AdS space. The time axis ¢ is vertical, while
the p coordinate axis is inclined at 45 degrees. Several curves are drawn: chronological singular-
ity boundaries (in red), inner horizons (in dot-dashed black), outer horizon (in full black ) In cyan
and magenta, integrals of Eq. issued from the t-axis, at values of t respectively equal to:
—47/10, =37 /10, =27 /10, —7 /10, +7/10, +27/10, +3 /10, +4 7/10. The integral curves issued from
t = —n/2, 0 or w/2 are the outer horizons.

More concretely let us introduce on a temporal section of fixed value of T Cartesian coordinates:
x = tanh(y) cos(®) and y = tanh(x) sin(®), (x2+3? < 1). The quadratic equation defining the intersection
of the surfaces of fixed value of k with the temporal section is obtained directly from Eq. (5.26) and reads:

tanh?(x) = ::1::228 or (k=1 a*+ (v —2)y* = (k — 1) — sin®*(7) . (5.30)

They are given by the intersection of conical curves with the unit disk
e k=2+k?>2: arc of an ellipse,

(1+ k%) x? + k?y? = k? + cos*(T)

e Kk = 2: two straight line segments
x = % cos(T)

e 2>k =1+Ek?>1 arc of a hyperbola
k*2? — (1 — k) y? = k? — sin?(1)

If k2 = sin?(T) the hyperbola degenerates into two intersecting straight line segments.
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o Kk = 1: two straight line segment (external horizon)

y* = sin?(1)

e k=1—Fk? < 1: arc of an ellipse pieces
E*2® 4+ (1 + k) y? = k? + sin?(7)
(For T a multiple of /2 degeneracy’s occur)

The equations providing the intersections of constant v surfaces with the same temporal sections are:
(sinh[(Le) + L) v] cos?(t') + e2L@ ¥ cosh[(Lw) — L) v] sin?(t')) cos(t)
cosh[(Ly + L) v] + e~ Fm=Lw)v ginh[2 L, v] sin?(T)

1 e Ew=Lw)v sin(2¢') sin(t)

- cosh[(Ly + L) v] + e~ F@m=Lw)v ginh[2 L, v] sin?(t) (5:31)
(cosh[(Lx + L)) v] cos?(t') + e2 =@ sinh[(L, — L) v] sin®(t')) sin(t)
v= cosh[(Ly + L) v] + e~ F®m=Lw) v ginh[2 L., v] sin?(7)
L e~ Ew=Lw)v sin(2¢) cos(T) (5.32)

 cosh[(Li + Loty ) 0] + e~ Eow=Lw)? ginh[2 Ly, v] sin®(7)

By extracting from them the expressions of cos(2¢') and sin(2t') we easily see that these curves also are
ellipses, tangent to the circle at infinity (22 4+ 3? = 1) at the point z. = cos(T), y. = sin(T), corresponding
to the asymptotic region (k = +00) of the warped AdS3 space.

K=—c0 k<0

Figure 8: The intersections of sections of constant T = (0, 7/4, 7/2) with various surfaces of fixed & (in
magenta for k > 1, in black for the external horizon x = 1, in cyan for the region between the horizons:
1 > k > —1, in dotted black for the internal horizon x = —1 and in red for a typical value of Kk < —1. Two
intersections with surfaces of constant v also are depicted (in blue, with respectively Ly, = 2, Ly, = v/2).
They correspond to the boundary of a fundamental domain of the quotient defining the black hole space.

6 Conclusions

In this work, we discussed warped AdS3 geometries from first principles. Starting from AdS3, we considered
the warped spaces that arise by deforming the space with a spacelike, timelike or lightlike (left or right)
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invariant Killing vector. We illustrated their relevance as solutions of various gravity theories and also
discussed generalizations to local lightlike warped geometries. We then constructed the general expression
of the metric, Eqs. (4.28)), (4.41)), (4.44), for all quotients compatible with this warping. We discussed the
causal structure of these spaces using projection diagrams, pointing out which spaces are black holes. We
also illustrated how the comparison of invariant quantities (scalar products of specific Killing vectors)
allows to relate the different choices of coordinates encountered in the literature. Our work highlights how
geometrical considerations enlighten and simplify the description of warped AdS geometries.
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A Remarks about notations

In this work we will encounter several metrics and the scalar products they define. We adopt the following
notations to distinguish between them:

o When vectors (or one-forms) are considered as objects in M?? we use a dot to denote their norms
and scalar products or use the symbol n (Denoting, as usual, by n4p their covariant components
and 78 their contravariant ones):

T-T=—(uyu_ +vyv_)=n(T 0) =napvov® (A1)

o We generally use the same symbol to denotes objects in M?? or their restriction to 3. When
we want to insists on products of objects belonging to the tangent bundle of H ~ SL(2, R) with
the bi-invariant metric (AdS3) we use the notation: g(o) (¥, ¥) and when objects are expressed in

components with respect to frame of right or left invariant vector or one-form fields:

— —

T=0"T(q): 11~17:7]((1313vavb , k=kad®: k-k=n®k, k , (A.2)

o When we consider the warped AdS3 space (i.e. the right invariant but not bi-invariant metric on
SL(2, R)) we use the notations: 9 (¥, V).

o The contraction of a vector ¥ with the one-form k is denoted by: k() or in terms of components

with respect to a frame and its tensorial dual: k., v®

o When we regroup vector components into matrices as in Eqs (2.36} 2.38]) we have:

g(o)(ﬁ(z), W(z) =t Tr(wztwz"") = %Tr(VR Wr) (A.3)
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B Proofs of Eqs (4.16}, |4.19] [4.20))

In this Appendix, we want to give proofs of Eqs (4.16] 4.20)). Of course, they may be checked by
brute force, expressing them in null-coordinates and computing derivatives. But we also could proceed as

follows — in a more elegant way.

Preliminaries

The fields E_ER) and f_;L), expressed as linear combination of the vector fields Eqs 1) are Killing vector
fields of the M?:? metric (2.2)):

Lz =0 , L 1n=0 . (B.1)
Moreover the vector 7, introduced in Eq. is a conformal Killing vector of the M??2 metric:
Ligon=—4n  ie  (LayoM)ap=204gH = —4nap . (B.2)
Making use of the commutation property of the Lie derivative and the exterior differential we obtain
So(H) =0= En(dH) =0, Eu)(H) =0=&u(dH) =0 . (B.3)

The vectors ém and {t;L) being Killing vectors and the Lie derivative obeying the Leibniz rule with respect
to contraction, we obtain (expressing Lie derivative as brackets) the commutation relations:

[g(m’ ﬁ(ﬂf)] = [E(Lw ﬁ(m} =0 : (B~4)

From the formula (an application of the Leibniz rule), where @, b and ¢ are arbitrary,

ab-&)=[ab-c+Lamb O+b-lad . (B.5)
and the expression of x, Eq. , written as k = n(g}{), E(L)) we obtain, using Eqs , that:
i () = €0 () = 0 (B.6)
and as a consequence
€ (dr) = €y (dr) =0 (B.7)

Notice also that from Eq. (B.5) and Egs (B.2) we obtain:
fin (k) = ﬁR(éER) 'f_;L)) = 4K ) (B.8)
while Eq. (2.8]) provides:

in(H)=—-4H . (B.9)
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About equation (4.16))
The first two conditions expressed in Eqs (4.4) imply that:

g X sydH + s, dk . (B.10)

To satisfy the last one we notice that (using Eqgs. (B.4]))

a(Tiacy) =8u Tigae) (H) + 85 sy (K) (B.11)
= s BOsH OpH + 5. Lripo M(Emys ) (B.12)
= —4(sg H + sx k) . (B.13)

Thus o < H dk — kdH. It remains to normalise it, by convention according to Eq. 1}

(H Ok — m@AH)nAB(H Opk — kOpH)

=H? 8,4,%77’43 Opk — 2H/$8A/$77AB OpH —4k20,H nAB OpH (B.14)

The last two terms are given by Eqgs (B.8), .
8AE”?AB OpH =75 - Mgy = —4 H ) (B.15)
Ok BOpH = 7l 4y (k) = —4 K . (B.16)

To obtain the first one we notice, using the Killing equations Eqs (B.1]) and the absence of curvature of
the flat ultra-hyperbolic metric of M?2, that:

Opk = —26m 0nk0yp (B.17)
048w, 086wy ¢ = 3055w bwe) = S ewPapH (B.18)
ASw) OBSwmyc =~ 394aB\Sm) Swco 2 €0AB ) .

Ok B Opr = —dew, ew, H , (B.19)

which leads, after a last choice of sign, to Eq. (4.16).

About equations (4.19} [4.20))

Since the Lie derivatives of the metric 1 with respect to f_;R) and QL) are zero, we obtain from Eq. (B.5)):

0= {m)(&'~§m)) - [5@{)75] 'g(m —0- [gm)ag(m]

= —[gm)a‘ﬂ 'gm) : (B.20)
as @ - £y = 0 and [, Eny] = 0. Similarly, but now using [, £1,] = 0 we obtain:
0= —[EELM?] 'f_;m : (B.21)

Hence on A # 0, i. e. where f_;R) and f_;L) are linearly independent, the Lie Brackets [EER), 7] and [EEL), ]
are along the vectors 7 and &.
From the formula:

-, -

avta, B =a(v®) ) -5(v@) - u(a. 7 (B.22)
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where ¢, a one-form, and a, 57 vector fields, are arbitrary, one finds thanks to Eqs. (4.13)), (4.14)), (4.15)

dBR(g(R)vg(L)) = dBR(gm)a &) = dBR(éLw &) =0 . (B.23)
Using Egs (B.4) in Eq. (B.22)) we obtain:
dBR(ﬁw)’g;R)) = dQR(ﬁm)vg(L)) =0 ‘ (B.24)

To compute the last component dpR(ﬁ(g(), &) we need to know the Lie bracket of 74, and &. It results

immediately from the previous results — Eq. (B.2)) written for contravariant metric tensor, and Eqgs. (B.8)),
(B.9) — by noticing that the components of & and ¢ are related by:

ot =Hn*Bop (B.25)
and applying the Leibniz rule. We obtain:
[f(se), O] = —4 7 . (B.26)
Accordingly,
dp" (i (50, &) = 0 (B.27)

which proves Eq. (4.19).
Equation (4.20) is obtained by similar arguments.

C Decrypting Coordinate Systems for (warped) AdS;

C.1 Group structure of AAd/Sg

The AdS; space naturally identifies itself with the group SL(2, R) whose underlying manifold is diffeo-
morphic to the hyperboloid Eq. . For physical applications, causality imposes instead to consider its
universal covering that still remains a group. We think it is interesting to provide its group structure, as
it cannot be realised as a matrix group (See Refs [52], chapter 1, section 3.2, [30], page 368). A standard
coordinate system used on chsg consists of coordinate {T, x, 9}, the ones used in Eqgs. , , but
with the coordinate T running from —oo to +oc instead of on the interval [0, 2 7] for the SL(2, R) group.

—_~—

In terms of these coordinates the group law on SL(2, R) is as follows. Let us introduce a complex variable
(of modulus |z| < 1): z := tanh(x) e’® and label the group elements as {T, z}. The group composition law
(denoted by o) is:

(C.1)

. 1 = ,—i(T1+7T2) —iTo +i7T1
{t2, 22} o {11, 21} := {T1+T2—;1H< tazc >7 |e ate =2 }

147 zg eti(TitT2) 1+ % 29 eti(TatT2) |

The identity reads {0,0}, the inverse of the element {7, z} is {—1, —z}. The center of this group are the
elements {{km, 0}|k € Z}.

The T and z coordinates parametrise a cylinder in R? (the three-dimensional Einstein cylinder once
embedded in a four-dimensional Minkowski space). Later on, we shall use it to draw, for the black hole
geometries, see Fig. [0] several relevant surfaces such as the horizons, sections of the identification foliation
and chronological singularities.
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C.2 Examples: warped AdS; black holes and NHEK geometry

In this Appendix we relate Eq. and the commonly used expressions of (warped) Anti-de Sitter
black hole metrics introduced by Banados, Teitelboim and Zanelli [10}/53,/54], or by Anninos et al. [2].
BTZ black holes have been extensively analysed in [10]. From now we set in this section €y, = €, = +1.
For A = 0, by redefining

T=2Lpgt (C.2)
p=0¢—1 (C.3)
K= (TQ - L(R)2 - L<L>2)/(2 Ly L)) (C4)

the metric (4.41) reduces to the BTZ black hole metric:

2
ds? = —f2(r)dt® + fiz ) +72(d¢ + Nydt)®> (C.5)
T
where
P =Mt T N = (©6)
B a2 OV T g2 '
As it is well known, the parameters
M =2(Lg?+Lu?) (C.7)
J=2 (L<L>2 - L(R)Z) (C.8)

provide the mass M and angular momentum J (see Ref. [10]) of the black hole geometry (C.5). This
metric constitutes a 2-parameter family of vacuum solution of the Einstein equations with cosmological
constant A = —1. It was shown that describes a black hole in the parameter domain M > |J|,
a condition which is always verified by the parametrisation given by Egs. . When A\ # 0,

performing the coordinate transformation

20 — —r_ 2
g Toremr- V3 (C9)
Ty —T_ 4v

and the change of parametrisation

(v?*+3) (u(m_ +ro)— /(@2 + 3)r_r+)

1

LL:§(V2+3)(7’+—7’_) , L= = , (C.10)
3(y2—1) 9 A+1

— B SAR 11

oLt Foes W (C.11)

the metric Eq. (4.41)) reads:

52—(V2+3) 9 dr?
it =P e e

+£ (3 W2 —1)r+ (2 +3)(ry +7_) —AdvJryr_ (2 + 3)) d92) (C.12)

+ (2vr—/ryr_ (V2 +3))dtdo
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which, up to the scale factor @ = ﬁ, is the metric introduced in Ref. |2, Eq. (4.1).

This scale factor is not innocuous: it allows to bypass in Eq. (4.41)), without changing the signature, the
restriction imposed by the non-negative character of 2 which, otherwise, restricts A to be less or equal to
3.

In case we put r1 =r_ =r, in Eq. (C.12)) we obtain the extremal version of the warped AdSs black
hole considered in Ref. [2]. This metric corresponds, before doing the identification leading to a black
hole, to a space like warping (and accordingly eg = +1) with a double horizon which implies that we also
have e, = 0. Thus, it corresponds to a configuration of type II,. Indeed, performing in Eq. (4.28)) the
change of variabled™}

v2+3

V2 +3
k= (r—ry) , a= 1o <t+r*(y—% y2+3)9) , 8= 2 0 ,

we obtain the rescaled metric with the two horizons coinciding. The parameters A and v are related
as in (C.11.
Assuming that 6 is 27 periodic, the extremal metric is locally isometric to metric with Ly, =
(12 +3)/4and Ly =1 (V2 +3)(v — 2V +3)/(4v) and 7 = (v + 3)t/(4v), ¢ = 6. We remind the
reader that L., can be eliminated by a rescaling of s for the extremal black hole configuration. The
extremal metric only depends on two parameters, A and Ly,.

Lastly, we relate the special case L, = 0 to the self-dual warped AdSs quotient which appears as
the near-horizon geometry of extremal Kerr black holes. The near horizon extremal Kerr geometry, [cf.
Ref. [1], eq. (3.7)] is given by

(C.13)

dr? i
ds? = 3G (~(1+r)dr? + - : _ 4 dO? + R2(di? + rdr?) (C.14)
r

where A = liilorlrf 7 €10,2] and we set G = J = Q = 1 for simplicity. The metric induced on constant

surfaces arises from deforming the ATng space geometry into
ds? = 7 ordrdp — dr? + dy? (C.15)

= Tdp — dT .
r24+1 v v

where ¢ € R with the spacelike one-form

/11 = A2|(rdr + dy) (C.16)

and then identifying along the direction of d,, the vector dual to the one-form (C.16). Thus, we
immediately infer that the metric induced on constant 6 surfaces of the NHEK geometry corresponds to

" with L(L) =0 and €ER = 1.
C.3 From local to null coordinates

In this section we illustrate the various steps of the algorithm displayed in section [4.4] starting from the
metric expression Eq. (4.1) of Ref. [2]:

dr?
2 _ 3.2 _ 2
ds® =dt* + 30— =) + (2vr ryr— (V2 +3)) dtdd
+ 2(3 W =Dr+ @ +3)(ry +r.) —dvryr_ (V2 + 3)) do? . (C.17)

19Here, the scale of k and § are arbitrarily fixed, before the period of 8 is fixed by the identification leading to the black
hole.
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1. The four Killing vector fields:
Two are obvious:

=0 , =0 (C.18)

and two more who require a little endeavour:

P, — Vrgr— (W2 +3)2r—ry —ro) =2v(r(ryo +r-) —2rpr_) Sinh<(,,2+3)(iﬂ+fr,) 9) o,
VI =r)(r—r_))]
— s, (V2 +3) \/\(r—r+)(r—r,)|(r+—r,)cosh(w#é?) Oy
212r —rp —r-) (P43 (re—r)
+ sinh [ ~=2HE—2=2 ) 9y (C.19)
N S
Iy — 2 B — =) —-) — v? r4—T
- Ve (B +3)2r—ry —r ) —2u(r(ry+r_) —2r )Cosh(( +3)(4+ _)9)61&
VI =r)(r—r_))
— s, (V2 +3) \/\(r—r+)(r—r,)|(r+—r,)sinh(%@ Oy
202r—ry —r_)

RV T

cosh(% 9) Dy (C.20)

with

sp =signl[(r —ry)(r—r_)] . (C.21)

2. It’s also obvious that Eo commutes with all these Killing vectors. Its musical dual, that reads

E=dt+(wr—3/(v+3)ryr_)df ) (C.22)

is proportional to the one-form p; along which the squashing is done.

3. An elementary computation of the curvature shows that a (locally) AdSs geometry is obtained

by subtracting from the metric, Eq. (C.17]), the Kronecker product % & ® €. The resulting

constant curvature metrics has Gauss’ curvature equal to:
R=-30%+3) . (C.23)

4. Thus, to pursue we have to rescale the metric by the factor (v +3)/4 to obtain a constant curvature
metric whose Gauss’ curvature is equal to —6:

(12 +3)?
dsing T dt?> + 2vr — /(v2 +3)r r_)dtdd
+ (TV (\/W— vire +r2))+ 302 —1)ry 72) d92>
+ . dr? (C.24)
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5. This metric possesses two more Killing vectors:

- (VW2 +3)ryr_ —2vr) | 2 5
R (e =y sinh (U2 20+ vl ) = VOE )70 7-0) )
+sr(u2+3)\/|(r—r+)(r—r,)\cosh(("iit?’)(2t+z/(r++r,)— (V2+3)r+7:0))ar

2
+ sinh (2 +3) 2t4+v(ry +r-) — /(W2 +3)ryr_0) )0 (C.25)
VI =r)(r =] ( ( ))

- (V@2 +3)rer— —2vr) (2 43)

b, = — cosh S 2t4v(ry +ro) = (W2 +3)rir_0) )9,
VI =r)(r =) ( ! )

— 5, (V43 V(r—r)(r—r) smh((” +3)(2t+l/ (re+r_)—/(W2+3)rpr_ 0))

2
RV TR cosh ((V 3 (24 +v(ry + 7 \/WO))&) (C.26)

6. The AdS3 norms of these vectors only are locally constant (they depend on the coordinate patch).
Various sets of (local) right and left invariant normed Killing vectors (in accordance with Eqs (2.14]

2.16]) are given by:

o Ifr e r_, ry]

. v - > €1, Py P
n=Garg h= =y BB AT v (e 4 ) )
(C.27a)
. 2¢, - - 2612 2
= £ \ Iy = J £ C.27b
nE = ) E) (C.270)
. 2¢, - - 2€,1€,2 7
__ca 7 Iy = L, g C.27
BT ey STy — )21 3) " (C.27¢)
o Ifrefr_, ry
. 4v - - €1,1 — N
T h= g = B8 T AV 3 —v (e 7)) k)
(C.27d)
2 - > 2€p0 7
o = e lo = J C.27
T2 €r (V2 + 3) 5 ) 2 (7"+ — T,)(V2 + 3) 3 ( e)
. 2 o - 2€ €2 Z
r E b) l = : - E C.27f
B L T (c.2m)
6 =+1, 1 =+1, g ==+1 (C.28)

The null coordinate surfaces: Uy = 0, V1 = 0, define the horizons. They split the hyperboloid,
Eq. (2.6), into twelve open subsets defined by the signs of Uy and Vi. The closures of four of
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Figure 9: The horizons, Uy =0, U_ =0, V3 =0, V_ = 0, embedded in the cylindrical representation of
AdS3; see Appendix IC_TI} The half-planes depicted correspond to the coordinate surface ¥ = 0.

these domains, those where an even number of the coordinates {U,, U_, V., V_} are positive, are
compact. The remaining eightF_Ul are non compact but extend to infinity.

Solving the equations, Eqs. (4.55a)—(4.55€)), using the previous expressions of the Killing vector
fields, Eqgs (C.27aH{C.27f) with the various values of the coefficients €, €1 and ¢ 2 we obtain with:

P_ = 7(1'14;3) (t+0(wr_ — i/ (V3 +3)ryr)) (C.29a)
O, = (”ztS) (t+0(vry — 3/ (@3 +3)rprl)) (C.29b)
u A%

N N

the following solutions of Eqs (4.55aH4.55€]):

For r not between the horizons: and for r between the horizons: As we see the various ranges of

€p €11 €1,2 r ¢ [7"_, 7'+] U+ U_ V+ V_

1 1 1 r_>Tr :I:\/r,i—req”r $\/7“,7—7‘e_‘1’+ +/ry —re®- :I:\/me“b*
-1 -1 -1 T>7ry +r—rye® Fr—rie ™ r—r_e®r L r—r_e P+
1 -1 -1 r_>r :I:\/hri—re‘b* :I:me_q’* :F\/r,i—re""”r :I:\/ﬁe_q’+
-1 01 1 T>7ry tr—r_e* Er—r_e ™ Fr—rie® £ r—rpe -
-1 1 -1 r_>7r +/r- —re®r Fr-—re ¥ Fry—re? Frp—re ®-
1 -1 1 >y +ry —re® Ery —re ™ F - —re®t £ r- —re®+
-1 -1 1 r_>r +ry —re® Ery —re ™ L r- —re®t Fr- —re
1 1 -1 >y +r—r_e® tr—r_e ™ Lt r—rie® Fr—rie -

Table 5: Local parametrisations of the non-compact regions of the (warped) AdSs space(s), those extending
from horizon surfaces up to infinity.

positive or negative values of Uy and V. are all parametrised in two distinct ways. This reflects
the isometry between a domain corresponding to a range of values of ¢, r, § and the one where r is
replaced by ' = ry 4+ r_ —r (the correspondence between the values of ¢ and 6 being given by Egs.

20There are a priori 16 possible repartitions of signs between the four entries of the group element z, Eq. (2.4), but the
four for which sign[U4+ U—] < 0 and sign[V4 V_] < 0 doesn’t belong to SL(2,R).
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€r €1,1 €1,2 u+ U_ VJr V_

-101 L | £/r—r_e® Er—r_e ¥ Fry —re® Fry—re ?-
1 -1 1 | 2/ry—re® £ fry—re ™ Fr—r_e® Fr—r_e
11 -1 | 2r=r"e £r—r_e ™ £ ry—re® Eri—re ?
-1 -1 -1 | R —re® Ry —re s Er—r_e® tr—r_e %+

Table 6: Local parametrisations of the compact regions of the (warped) AdS; space(s), those bounded by
horizon surfaces.

(C.29a), (C.29b)), so that @ (¢, 0) = @ (t', ¢). It also allows to vary the r coordinate continuously
across all the space when crossing horizons.

To make an end we display hereafter, see Fig. the image of the median plane of SL(2, R) and
one of its images under the identification z — Exp[d] z when Ly, = L): Uy — et Uy, Vi — Vi,
defining a fundamental domain corresponding to non-rotating warped AdS3 black hole structure. We also
provide some T-constant sections of them, analogs to those considered in Fig. |8} Their equations, once
more, is particularly simple:

. cos|t] sinh[Lx,] ' (C.30)
\/ cos2[1] sinh?[L ] + sin?[1]
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