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ABSTRACT: We revisit the description of the space of asymptotically AdSs solutions of
pure gravity in three dimensions with a negative cosmological constant as a collection of
coadjoint orbits of the Virasoro group. Each orbit corresponds to a set of metrics related by
diffeomorphisms which do not approach the identity fast enough at the boundary. Orbits
contain more than a single element and this fact manifests the global degrees of freedom
of AdS3 gravity, being each element of an orbit what we call boundary graviton. We show
how this setup allows to learn features about the classical phase space that otherwise would
be quite difficult. Most important are the proof of energy bounds and the characterization
of boundary gravitons unrelated to BTZs and AdSs. In addition, it makes manifest the
underlying mathematical structure of the space of solutions close to infinity. Notably,
because of the existence of a symplectic form in each orbit, being this related with the
usual Dirac bracket of the asymptotic charges, this approach is a natural starting point for
the quantization of different sectors of AdS3 gravity. We finally discuss previous attempts to
quantize coadjoint orbits of the Virasoro group and how this is relevant for the formulation
of AdS3 quantum gravity.

KEYWORDS: Space-Time Symmetries, Global Symmetries, Models of Quantum Gravity,
Black Holes

ARrRX1v EPRINT: 1403.3367

OPEN AccCESs, (© The Authors.

Article funded by SCOAP®. doi:10.1007/JHEP05(2014)141


https://core.ac.uk/display/296424243?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:alan@df.uba.ar
mailto:mauricio@iafe.uba.ar
http://arxiv.org/abs/1403.3367
http://dx.doi.org/10.1007/JHEP05(2014)141

Contents

1 Introduction 1
2 Asymptotic solutions of gravity in 2 4+ 1 dimensions 3
2.1 AdSj3 boundary conditions 3
2.2 Proper and improper diffeomorphisms 4
2.3  Exact asymptotic solution 4
3 A primer on coadjoint orbits of Virasoro group 7
3.1 The coadjoint representation of Virasoro algebra 7
3.2 Adjoint and coadjoint representation of a Lie algebra 8
3.3 Coadjoint representation of Virasoro algebra 9
3.4 Coadjoint orbits 9
3.5 Symplectic form in the coadjoint orbits 12
3.6 Poisson bracket in each orbit 12
3.7 Bounded energy 13
4 AdSj3 gravity as a collection of orbits 14
4.1 The orbits of AdS3 and BTZ black holes 15
4.2 Exotic boundary gravitons 17
4.3 Diffeomorphic invariants 18
4.4  Extending boundary exotic geometries 20
5 Humble digression on the quantization of the orbits 21

1 Introduction

In [1], Maloney and Witten aimed to compute the partition function of AdSs gravity. To
achieve this, the first step was to consider the space of solutions close to AdS3 spacetime —
its boundary gravitons — namely all the metrics related to AdS3 by diffeomorphisms that
do not approach the identity fast enough at infinity. This gives an underlying Virasoro sym-
metry [2] which when combined with previous results, allowed the authors of [1] to arrive
to an expression of the partition function of this sector. The second step in [1] was to relate
the AdS3 sector just mentioned with the sectors of Euclidean black holes through modular
transformations and sum all the contributions of distinct sectors to get the full partition
function. Unfortunately, the final result obtained in this way was shown not to be physi-
cally sensible since it cannot be written as the trace over a Hilbert space of the exponential
of a Hermitian operator (the Hamiltonian plus the angular momentum operator).



Let us focus on the computation of the partition function on the AdSs sector. As
we mentioned above, this is the space of asymptotic geometries connected with AdSs by
a non-trivial diffeomorphism. This particular partition function was obtained with the
aid of previous results on the quantization of coadjoints orbits of Virasoro group [3]. The
quantization of coadjoint orbits was first introduced by Kirillov in order to study unitary
representations of non-compact Lie groups (see for example [4]). The reason why this
becomes important for three-dimensional gravity with a negative cosmological constant is
the following: The space of solutions, fulfilling Brown-Henneaux boundary conditions [2],
is naturally organized by coadjoint orbits of Virasoro group. Each orbit contains all the
asymptotic geometries that are related by non-trivial diffeomorphisms. For example, the
orbit of AdS3 contains all the boundary gravitons of this geometry, namely all the non-
trivial asymptotic diffeomorphisms of AdSs. In [5], Castro et. al. implicitly used the
coadjoint orbit structure of (some of) the boundary gravitons of AdSs to gain some insight
into the spectrum of the quantum theory. The same coadjoint orbit structure exists for
the BTZ black holes [6, 7], and this was used in [8, 9] with the intention to reproduce
the entropy of the black holes. In addition, coadjoint orbits are manifolds endowed with a
natural symplectic structure which, in the case of Virasoro group, is related to the usual
Dirac bracket of the Brown-Henneaux charges. This fact makes relevant the description of
the phase space of AdS3 gravity as a collection of coadjoint orbits.

It would be desirable to have a quantization of AdS3 gravity, namely a quantization of
the whole collection of coadjoint orbits of Virasoro group, but this seems far from reach.
As a first step, we can learn a lot from the quantization of each orbit separately. A sensible
quantization procedure should respect the classical symmetry group of each orbit, the Vira-
soro group. This is the case of the geometric quantization scheme [10] which gives a unitary
irreducible representation of the group of classical symmetries. Although coadjoint orbits
of Virasoro group were extensively studied by the mathematics community (for instance
see [11] and references therein), an explicit realization of the geometric quantization pro-
cedure is missing. What is known about the quantization of some orbits comes from a rep-
resentation of the Virasoro algebra over a Hilbert space called Verma module. In fact, the
partition function in the pure AdSs sector is usually derived from properties of the Verma
module. The possible relation with the geometric quantization was first discussed in [3].

Although the ultimate aim of our project is to address the open problems on quan-
tization, this first calls for a detailed study of several classical aspects of the coadjoint
orbits of Virasoro group. Because our interest is in the application to AdS3 gravity, our
exposition is oriented from the beginning to this theory and may somehow differ from the
usual ones, cf. [3, 11, 12]. The description of at least a subset of the phase space of AdSs
gravity by means of coadjoint orbits is not new and is explicit in [8, 9]. Nevertheless, here
we reconsider this approach and apply it exhaustively, with results that are valid globally
in the space of solutions. Specifically, through the study of Virasoro orbits applied to AdSs
gravity we find:

e The energy in the BTZ and AdSs orbits is bounded from below, being these geome-
tries the ones with lowest energy in their respective orbits. This statement holds
globally in the orbits.



e An exhaustive classification of boundary gravitons apart from those of AdS3 and BTZ
black holes: exotic boundary gravitons. We illustrate with examples.

In addition, we address the issue of extending away from infinity the geometries defined
close to the boundary by showing that:

e One of the exotic orbits has energy bounded from below and is included in the family
of metrics with Killing horizons described in [13], which were shown to admit an
extension beyond the horizon.

The organization of this paper is the following: In section 2, we briefly review the
appearance of Diff(S!) and Virasoro symmetries in the context of three-dimensional gravity
with a negative cosmological constant with Brown-Henneaux boundary conditions. This
presentation is tailor-made for what will come next, paying special attention to the status
of the central element in the algebra of charges. Then, section 3 is devoted to introduce
the classification of coadjoint orbits of the Virasoro group in a concise and self-contained
manner. In section 4, we take advantage of the previous sections in order to revisit the
description of the space of solutions of pure AdSs3 gravity. For example, we extend the
description of the classical phase space of [5] to any element of the AdSs orbit and also to
other orbits of interest. In addition, we provide a simple proof of the boundedness from
below of the energy for BTZ black holes, and by using previous results on Hills equation [12],
also for AdS3 and an exotic coadjoint orbit. This last orbit is shown to be close to the one
of AdS3 and also to be present in the recent work of [13]. Finally, in section 5, we discuss
previous attempts to quantize the orbits and some ideas to explore in the future.

2 Asymptotic solutions of gravity in 2 + 1 dimensions

Let us consider the space of classical solutions of AdS3 gravity. We want to emphasize that
by AdSs gravity is meant a subset of Lorentzian metrics fulfilling Einstein equation with
negative cosmological constant. This subset is comprised by those metrics that approach
AdS3 asymptotically. In what follows we use the common definition of the asymptotic con-
dition given in [2]. The important remark that we want to make is that the introduction
of this boundary condition breaks the full diffeomporphism invariance of general relativity.
The boundary condition was motivated in [2] by the desire of having a well-defined varia-
tional principle. Also this allows to define finite conserved charges as surface integrals at
the boundary.

2.1 AdS; boundary conditions

There is a rigorous definition of the asymptotic condition which can be given in a coordinate
free language (see for instance [14]). We will not use this language here. Following [2] we
consider the family of spacetimes such that they are asymptotically AdSs in the following



sense,
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We are using lightcone coordinates 2 = /¢ 4+ ¢ and r is the radial coordinate. The
boundary is at  — oo. The infinitesimal diffeomorphisms which leave invariant these
asymptotic boundary conditions are given by vector fields ( with components,

2
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where the functions ¢ and £ are chiral functions, namely they depend only on z+ and
x~ respectively.

2.2 Proper and improper diffeomorphisms

The vector field of (2.2) has two contributions. The first one is given by the terms con-
taining the functions £ and £, which are explicitly displayed. The second one, is given
by the higher order terms in powers of 1/r. Following [2], when the first contribution
vanishes the (infinitesimal) diffeomorphism is called a proper diffeomorphism. Otherwise
it is called an improper diffeomorphism. This terminology should not be confused with the
well-definiteness of the diffeomorphisms. The relevant distinction between the two contri-
butions is in their functional dependence: while the proper diffeomorphism has an arbitrary
dependence in the boundary coordinates, the improper one has a restricted dependence in
the leading term since it is a sum of functions depending on one coordinate z or =. Due
to the arbitrary functional dependence, proper diffeomorphisms are treated as local gauge
transformations. This implies that the metrics will be treated as physically equivalent only
if they are related by a proper diffeomorphisms. On the other hand, improper diffeomor-
phisms are treated as global symmetries relating physically distinct metrics. This is the
reason why the AdSs sector of [1] is not just the AdSs geometry, but contains metrics
related to it by improper diffeomorphisms, i.e. its boundary gravitons.

2.3 Exact asymptotic solution

It can be shown that by making proper diffeomorphisms (¢ = 0), any metric with the
asymptotic conditions (2.1) and satisfying the equations of motion can be brought to the
form [15],
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where 44 are now chiral functions and ... means sub-leading terms. The functions
Y4+ are invariant under proper diffeomorphisms and different sub-leading terms are gauge
equivalent. In fact, there exists an exact solution parameterized by these chiral functions

Y+ (16],
i Pt Py
ds* = —dr? — (rda: - dx+> (rdx+ - d:z:), (2.4)

r2 r r
where this radial coordinate is not the same as in (2.3).
The important point to state now is that the infinitesimal diffeomorphisms generated
by (2.2) act on the functions 44 as:

1
5?%& = 2016 yuy + EFOsys — ?ﬁft (2.5)

This is the familiar behaviour of the energy-momentum tensor © of a two-dimensional
CFT under an infinitesimal conformal transformation. This is not an accident and fits
into the AdS/CFT correspondence [17]. In fact, the holographic stress tensor of AdSs [18]
has components O = %’yii and ©_;, = ©,_ = 0, in this coordinate system. Then,
the anomalous term for © becomes —ﬁ%@i{i, with % being the central charge of the

expected dual CFT.

Witt algebra: the algebra of asymptotic diffeomorphisms. From now on we con-
sider the equivalence class defined as the set of asymptotic vector fields (2.2) modulo
those generating proper diffeomorphisms. The elements of the equivalence class gener-
ate improper diffeomorphisms uniquely determined by the functions £€*. The Lie bracket
of two such vector fields ¢ and ( is a new vector field (12 of parameter §ft2 given by
ffc (§§E)’ —§2i (5%)’ . So, the algebra of the asymptotic vector fields ( determines two copies of
a Lie algebra of the parameters ¢ and £, where the Lie product among them is defined by

65,65 = (&) - & (&) (2.6)
65,631 =0 (2.7)

We will concentrate in only one copy. This algebra is isomorphic to the Lie algebra
of the group of diffeomorphisms of the circle called Vect(S') (which will be explained in
more detail in section 3). The interpretation of £ as a generator of a diffeomorphism of
the circle comes from viewing £ as the component of the vector in the circle £09y, and now
the previous bracket is well understood as the Lie bracket between vector fields on the
circle. We will sometimes use £ meaning the vector {Jy. Using the Fourier components
1,(0) = ie™09y of the vectors £0y, the algebra product takes the usual form of the Witt
algebra bracket:

[y U] = (0 —m)lpgn (2.8)

We display this relations between complex combinations of the vectors fields in order to
make contact with the literature. However, the relevant algebra for us will be the real
algebra Vect(S1).



It is important to remark that the algebra of the inhomogeneous transformations of ~
is still Vect(S'), since this is a realization of the asymptotic diffeomporphisms algebra; the
presence of the anomalous term in (2.5) does not change this fact. More explicitly,

(Ogy0g, — Oe20¢, )Y = Oy £0)Y (2.9)

Virasoro algebra: the algebra of conserved charges. Now, we will briefly review
the well-known result of Brown-Henneaux [2], that the algebra of the constraints of AdSs
gravity is a central extension of the algebra of asymptotic symmetries Vect(S!). More
precisely, in their analysis the Lie algebra product is the Poisson bracket between smeared
constraints with the addition of a surface term. This surface term is what is called the
charge. However, here we want to present this algebra from a different perspective, using
only boundary data.

The conserved charges Q¢[y] are surface integrals determined by the parameter £ of
the asymptotic diffeomorphism and the functions v which determine the boundary metric:

Y 2 . Y 2m -
Qe+ - [V++,7--] = 877G/0 R ; de=& vy (2.10)
The separation between the 4+ and — copies is manifest and so from now on we will refer
to the charge of only one copy Q¢[y] without specifying which copy. The total charge is
just the sum of both copies. With this expression for the charge, the BTZ of zero mass
and angular momentum has null charge for any £. For the case of AdS3 the mass is —1/8G
and all other charges vanish.
Brown and Henneaux, through their analysis, arrive to the Virasoro algebra. Their Lie
bracket can be viewed, from a boundary point of view, as the following product between
the linear functionals Q¢[.],

{Q&»sz}h] = —Qg, [551’7] (2.11)

This bracket gives the variation of the charge Q¢, when the function « is perturbed by
the infinitesimal diffeomorphism given by —¢&;, according to (2.5). With this bracket, the
following relation holds:

]‘ BE o ! &1 ! &1
Qe Qe }b] = Qe el + 5= 56 [ (€188 - &¢l) (2.12)

In particular, using the parameters l,, = ie’™?, the algebra of the charges is:

3¢ n?

{anv le}h/] = (n - m)an+m [’7] + Zﬁﬁén,fm (213)

This product between charges, defined by (2.11), is actually not closed because of the
presence of the last constant term. In order to close the algebra product, we need to add
to the family of charges ()¢ a constant functional K. For convenience, and at this point
this is completely arbitrary, we chose K[y] = 3¢/2G, which is commonly known as the



Brown-Henneaux central charge. When we do this, we recover the Virasoro algebra, which
in a particular complex basis reads,

3
[Lons L] = (0 —m) Lyym + %Z&n,_m (2.14)
[Z, L] =0 (2.15)

This can be seen using the isomorphism:

L < Q1] (2.16)
Z 5 iK[] (2.17)

and
(K,Q¢} =0 (2.18)

So far, we have presented two different kinds of functionals. The ones that come
from (2.10) and the constant functional K. The former are labelled by the Vect(S!)
elements £ while K has no label. However, it will be convenient for later use to put all
these functionals on equal footing. To achieve this, we can consider the vector space of
linear combinations of L,,’s and Z, in such a way that any charge can be written as Q,,
where u belongs to this vector space and @) is linear in w. The original charges are given
by Qr,, := @, while the constant functional is )z := ‘K. With this more democratic
notation, the charge algebra reads,

{Qu, Qu} = Qpu)s (2.19)

where the Lie bracket [u,v] is the Virasoro Lie product.

3 A primer on coadjoint orbits of Virasoro group

In this section we review the basic features of the coadjoint representation of the Virasoro
algebra which are important for the rest of the paper. We also clarify the notation and
conventions we use.

3.1 The coadjoint representation of Virasoro algebra

Here we review the definition of the Virasoro algebra. Following [3, 19], we first consider
the group of orientation-preserving diffeomorphisms of the circle: Diff; (S*) (from now on
we omit the + subscript). This is an infinite dimensional group and its real Lie algebra is
Vect(S!), namely that of real vector fields f in the circle, defined by f = f0p, being the
Lie product defined by the Lie bracket between vectors fields, i.e. [f, gl = (fg' — gf")0.
The central extension of Vect(S') can be described by a pair ( f, a), being f a vector field
and a a real number. The Lie product is defined by,

4877[- . (f/g// o g/fl/)) . (31)



In order to make contact with the standard notation in physics, let us define “the
Virasoro modes” by:

Ly = (In,0), ln(0) =iy, n €L,

and the Lie product takes the usual form,’

Z
(L, L] = (n—m)Lypyn + 1—2n35m+n,0 (3.3)

(Z.L,] =0 (3.4)

We are using a convention where there is no complex unit ¢ in the expression of the algebra
product since it seems more simple in this way. However, note that the basis (3.2) is made
of complex vectors, but nevertheless we will end up using real vector fields in the upcoming
sections. Also, it is worth reminding the reader that by definition the Virasoro algebra,
vir from now on, admits only finite combinations of the basis elements in (3.2), while the
central extension of Vect(S!) does not even refer to a particular basis.
In the previous section we mentioned the Witt algebra. This is spanned by vector
fields of the form
1,(0) =ie™dy, n e, (3.5)

and its Lie product is therefore given by

Ly lm] = (0 —m)lpgm.- (3.6)

Again, only finite linear combinations of these basis elements are admitted. Thus, vir is the
central extension of the Witt algebra. We will in general work with the algebra Vect(S!)
and its central extension, but in order to avoid being pedantic we will sometimes make the
abuse of calling them Witt algebra and Virasoro algebra respectively.

3.2 Adjoint and coadjoint representation of a Lie algebra

Among all the representations of a Lie algebra g, the so-called adjoint representation is a
very natural one since it assigns to each Lie algebra element u a linear transformation ad,,
on the Lie algebra itself, as follows:

ady,(v) = [u,v] Yo € g. (3.7)

It is clear from this expression that the vector space where the Lie algebra elements act is
indeed itself. This is a representation thanks to Jacobi identity.

There is another natural representation defined by the action of a Lie algebra element
on its dual space g*. Let us denote by e* a generic element of the dual space and by <, >
the pairing between g* and g. The coadjoint action ad}, on an element e* is defined by the
requirement that the pairing remains invariant under the action of the algebra:

<ady(€*),u>+ < e adyu>=0 = <ad,(e’),u>=—<e", |v,u] >. (3.8)

't is more common to find the following definition: Ln = (In,0) n #0, Lo = Lo + iZ. With this

definition, the coefficient of Z in the Lie bracket changes to -5n(n?

12 - 1)6m+n,0~



3.3 Coadjoint representation of Virasoro algebra

Let us start by considering the coadjoint representation of Vect(S'). This is the space of
(0,2)-tensor fields b in the circle given by b = bd#? (here df? = df ® df and b is a function
on S') , whose pairing with the vector fields is defined as:

< 5,f>:/ bf (3.9)
Sl

In the same manner a pair (f, a) can be used to refer to an element of vir, a pair (b, t),
with ¢ a real number, serves to characterize an element in the dual space of the Virasoro
algebra vir*, where the pairing is now defined by:

< (5t), (G.0) >= /O 7 10(0)b(6) + at (3.10)

The coadjoint action is given by

* 7 _ / /_L " 2
ad(z, (b,t) = <(2fb+fb Tl )de ,0), (3.11)

which leaves the pairing of adjoint and coadjoint vectors of vir invariant. It is important
to remark that the coadjoint action of vir, viewed as an infinitesimal change in vir*, does
not change the central element: 6t = 0. Equally important is the fact that the coadjoint
representation of the central element Z is the null endomorphism, ad’, = 0. In other words,
this is a representation of zero central charge. Because of this, the coadjoint action (3.11)
of vir can be viewed as a realization of Witt algebra, neglecting the second argument of
(f,a) above, namely keeping only f.

3.4 Coadjoint orbits

In order to describe what is known as coadjoint orbits of a group, we need first to introduce
the adjoint and coadjoint actions of the group. Let us give a brief general summary
and then look at the case of the group Diff(S!') and its central extension (for a more
detailed description see for example [11]). The adjoint action of a Lie group G is a group
representation Ad : G — Aut(g) over its Lie algebra. The coadjoint action of the group is
a representation that acts on the dual space of the Lie algebra, namely Ad* : G — Aut(g*).
If we denote again the pairing of an adjoint vector v and a coadjoint vector e* by < e*, v >,
then the coadjoint action of the group must satisfy < Adpe*, Adyv >=< e*,v >, and so the
coadjoint group action Ady is the transpose of the adjoint action with the inverse group
element "(Ad,-1).

For the case of G = Diff(S!), the adjoint group action is the push-forward on vector
fields on S! by elements of Diff(S!), namely, if g € Diff(S1), then Ad,(v) = g.(v) for any
vector field v in S'. Explicitly, if s : @ — s(#) is a diffeomorphism of the circle, then for
any fdp we have that the vector push-forward has a new component f; given by

(fo5)(0)

fs(0) = IO (3.12)



The coadjoint group action, as explained above, is the transpose of the pushforward
by the element g—'. So, if § — s(#) is the diffeomorphism, then b is mapped to b as,

by = (bos)s™. (3.13)

This makes the pairing < b, f > defined in (3.9) invariant. The coadjoint action of Diff(S?)
can be used to construct the coadjoint group action for the central extension of Diff(S1) [11].
This central extension is the Virasoro group which we will call Vir. The construction takes
into account that the central element is trivial under Ad* and so Ad* : Diff(S1) xvir* — vir*
in the following way,

2 12 192 t
_ _ .14
(bsdB*,ts) <(bo s)s'“df 247TS(3),t , (3.14)
where
S/// 3 S”2

is the Schwarzian derivative. The infinitesimal coadjoint action is precisely (3.11).

Now we are in a position to define a coadjoint orbit of a dual vector e*,
Wee ={r* €g"/ r*=Adge*, geG}. (3.16)
In particular, the coadjoint orbit of an element (5, t) € vir* is defined as
Wi = {0, 1') € vir*/ (V,8) = Ad; (b,t), g€ Vir}, (3.17)

so it is the image of the coadjoint action of the Virasoro group on the coadjoint vector
(b,1).

Coadjoint orbits have a manifold structure, being isomorphic to the homogeneous
space G/H, where G is the Lie group and H the stabilizer of (l~), t). Namely, in our case
G = Vir and

H={geVir/ Adb,t) = (1)} (3.18)

One should be more precise and put a subscript in H that indicates the coadjoint vector
that is left invariant by the elements of H: H (5.t Although we may avoid this notation,
it is important to keep in mind that there are several different subgroups H of Vir. We
will discuss these possibilities next, but first a cautionary note: the isotropy groups of
Virasoro will be of the form R x H, where the first factor refers to the center of the group
(whose algebra is generated by the central element Z), which is trivial under the coadjoint
representation. On the other hand, the number ¢ in any coadjoint vector (E, t) is always left
invariant by the coadjoint action. This means that the orbits Vir/(R x H) and Diff(S')/H
are the same. For this reason it suffices to study the orbits Diff(S')/H, with H a subgroup
of Diff(S1).

,10,



Classification of Virasoro orbits. For reasons that will become clear in section 4,
we will be firstly interested in the orbit of a “constant” coadjoint vector (bodf?,t), with
bo a real number. Generically, the group H that leaves this coadjoint vector invariant is
generated by 9y, and can be identified with S'. Namely, the coadjoint orbit of (byd6?,t) is
W _ Vir _ Diff(s")

(bod?®6) = (R x §T) ~ &1

. (3.19)

We say generically because there are special constant points: when by = —n?t/487, n €
N, the stabilizer is generated? by {lo, l,, [} and the group is H = PSLgn) (an n—covering
of PSLy). The case n = 1 will be of importance to us later. The orbits with (bod#?,t)
points, i.e. with constant representatives, are the ones we have mentioned so far. We have
a simple argument why these orbits have a unique constant representative, for the case
when this is positive. This is explained in section 4. In fact this result is valid for all values
of the constant representative, not only for the positive ones [12]. So, there is at most one
constant representative in an orbit, and the orbits with no constant representatives are
introduced next.

It can be proved (see [3] for example) that the algebra of H is always one- or three-
dimensional. The orbits that we will discuss now have a one-parameter isotropy group:
T, A or Tn,i [3, 12], so in both types H is a group of dimension one. The first stabilizer
group,® T), A, is generated by a vector field fdy with 2n simple zeros (n # 0) and with
|f’| =1 at each zero [3]. This orbit possesses the following orbit invariant,

A = lim l, (3.20)
=0 Jg1_y. f

where V, are open sets of volume € around the zeros of f, i.e., V, is the union of the intervals

(xg — €, + €), with x the zeros of f. It turns out that A together with n are sufficient

to characterize this kind of orbits. These orbits have no constant representative* but tend

to the orbits with isotropy group PSLgn) as A — 0. In this sense the orbits Diff(Sl)/Tn,A

are perturbations of the orbits Diﬁ(Sl)/PSLgn) for fixed n.

The last orbits are the ones with isotropy groups Tni, which are generated by vectors
f+0y with n double zeros and with null third derivative at each zero [3]. The + sign
indicates two inequivalent orbits with isotropy group generated by these vectors, i.e. this
sign is an orbit invariant but its calculation is not relevant here. In [3] these orbits are
said to converge to the orbits Diff(S!)/ PSLgn) too. In [12] an explicit one-parameter curve
inside an orbit Diff(S1)/T, n,+ 1s constructed and it is shown there that in some limit the
points in the curve approach the constant representative of Diff(S*') /PSLgn), for fixed n
and =+ sign.

Let us summarize the information we have on the different coadjoint orbits of Virasoro
group in table 1.

?In order to use only real vector fields we should say {s, cos(n6)ds, sin(n)ds }, but using the Virasoro
modes allows to keep contact with the usual notation in the literature.

3In [12] they call L what we call v, and 47b what we call A.

41f it had a constant representative, it should be stabilized by the Iy vector, but this vector has no zeros.
Since the number of zeros is left invariant, Iy cannot be the push-forward of fdy.
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Orbit Algebra stabilizers Representative
Diff(S1) /St {lv} bo # —tn?/487 and constant
Diff(S')/PSL{™ {lo,ln, 1_p} by = —tn? /48
Diff(SY)/Toa | {fOs}, f has 2n > 0 simple See (4.9) in section 4
_ zeros. n.and A are invariants
Diff(SY) /T« | {fOs}, f has n double zeros See (4.11) in section 4
n and =+ sign are invariants.

Table 1. Classification of Virasoro coadjoint orbits.

3.5 Symplectic form in the coadjoint orbits

Probably one the most important features of coadjoint orbits is the fact that always have
a G—invariant symplectic structure. Let us first consider a coadjoint vector e* and a two
form we= over the orbit We«. We can identify an element of the tangent space of the orbit
at e, Te«Wex, with an element of the algebra g as follows: any element of the tangent
space at e* will be of the form ad}e*, with u € g being defined up to elements of the Lie
algebra of the isotropy group He« (i.e., elements v € g such that ad}e* = 0). So, for any
element u € Tp« W, we have an element u € g up to adjoint vectors that leave e* invariant.
The symplectic form is defined by

wex (adye*, adye™) =< e*, [u,v] > . (3.21)

It can be shown that this is well defined: for any two u and v’ in g such that ad}e* = ad},e*
and u # ', the previous expression does not change. This symplectic form defined at e*
can be consistently extended to the whole orbit by the action of G, therefore being G-
invariant. Moreover, it is a non-degenerate two form. Thus, W, is a symplectic manifold
with w being the symplectic form.

3.6 Poisson bracket in each orbit

Now, let us discuss the Poisson structure induced by the symplectic form we just introduced.
For an arbitrary coadjoint vector e* we have the corresponding coadjoint orbit We«, and
for any Virasoro element u € vir a function @, : W+ — R can be defined as

O, (") =<1 u >, (3.22)

for any r* € We«. If needed, we will extend their image to the complex plane by linearity.
These functions are the ones that will benefit from the symplectic structure on We«. By
means of the inverse of the symplectic form, a Poisson bracket {,} -1 can be defined.
Moreover, the functions ®, will realize the algebra, in our case the Virasoro algebra,
through the Poisson bracket,

{@u, Puty1 = Ppy s u,v € Vir. (3.23)

Later we will comment in detail the relation (an equality actually!) between these functions
and the Brown-Henneaux charges.
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Consider any element (b, t) in the dual algebra vir*, then the central element Z = (0, )
assigns to it the value ¢ through the function® ®:

By(b,t) =< (b,t),Z >= it (3.24)

Moreover, since the pairing <, > is invariant under the coadjoint action of the algebra and
so is Z, this assignment holds for the entire orbit W(E,t)' Thus, we can talk about the
“central charge” of an orbit meaning (the imaginary part of) ®, evaluated at any point of
the coadjoint orbit. Because of this, from now on we will refer to ¢ as the central charge
of an orbit. This is precisely the same map we had in the AdSs gravity analysis of the
previous section, where we mapped Z to the constant functional i K, and K takes the value
t which is commonly referred to as the central charge.

A last comment is in order: the realization of the Virasoro algebra by means of the
Poisson bracket (3.23) sends Z to ®; = it for a specific coadjoint orbit. On the other
hand, by means of the symplectic structure, we can define Hamiltonian vector fields for
each ¢, with v € vir. The Hamiltonian vector field associated to ®, let us call it d,
is precisely a null vector since as we just saw ®y is a constant function. This means
that Z generates no infinitesimal transformation (z = 0) on the functions, i.e. no change
on classical observables over the coadjoint orbits. However, we will later see that, upon
quantization, Z will have a non-trivial action on the space of quantum states.

3.7 Bounded energy

It is an interesting question which of the coadjoint orbits of Virasoro have an energy
bounded from below. By energy of a generic point B := (bdf?,t) we actually mean the value

E(B) = —i®p,(B) = /51 b, (3.25)

or in other words 27 times the zero mode of b. The explicit analysis of [12] shows that the
orbits with a global minimum of the energy can be divided in two categories: the first one
is defined by the orbits with a constant representative such that

by > —t/48. (3.26)

The minimum energy, 27bg, is reached precisely at the constant representative. These
orbits are all of the form Diff(S1)/S! except for the equality in (3.26), where the orbit is
Diff(S!)/PSLo.

The other category contains only the orbit with isotropy group T17+, which has no
constant representative. The largest minimum energy is —t/24, but is never reached along
the orbit. This is intimately related with the fact that this orbit is, in a sense, a perturbation
of Diff(S')/PSLs, whose constant representative does have such minimum energy.

SRecall that we extend by linearity the image of ®,, to the complex plane, when u is a complex vector.
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4 AdS; gravity as a collection of orbits

In section 2 we studied the phase space of asymptotically AdS3 solutions which is pa-
rameterized by two periodic functions v44(z7) and v__(z7). It was shown there that
the change in a function v generated by an improper asymptotic diffeomorphism of the
form (2.2) realizes the Witt algebra but also can be seen as the coadjoint action of Virasoro
algebra, once a central element is added to parameterize the phase space. By this we mean
that now the pair (0,t) labels (one of the copies of) a particular gravitational solution,
where © = ﬁ’y and t is certain real number. This number is fixed by the transformation
behaviour in (2.5) to t = %.

From what we saw in section 3, it should be clear that the space of metrics of section
2 is a collection of coadjoint orbits of the Virasoro group. The orbit associated to a given
metric gg is generated by the application of an arbitrary improper diffeomorphism to gg.
Each of these orbits can be endowed with a symplectic structure which is Virasoro-invariant,
so they are symplectic manifolds and the Virasoro action acts as symplectomorphisms. In
addition, and of most importance, the functions on the orbit @, defined in (3.22) are the
conserved charges @),, taking values on the orbit and with their Poisson bracket being
homomorphic to the Virasoro algebra. The number ¢ is the imaginary part of the value
that the central element takes on this realization, i.e. Z + 4tld. This number 3¢/2G is the
known Brown-Henneaux central charge, that we will denote as usual by c.

In this section we use what we learned from the study of the Virasoro orbits in order
to characterize the asymptotic metrics of physical relevance. For this purpose we analyse
the space of the functions v which describe the metrics close to the boundary. This allows
to arrive to interesting results, and an important one is the existence of energy bounds
on the space of AdSs3 solutions. But first, two remarks are in order. In the first place,
the expression (2.4) is a solution of Einstein-Hilbert equations with negative cosmological
constant for any pair of smooth periodic functions (y4++ , 7——) and for r > r¢ (with rg a
non-negative number). However, it could happen that the metric is not acceptable from
the physical point of view, due to the possible presence of closed timelike curves or naked
singularities, once it is continued to r < rg. In addition, there could be in principle more
than one possible extension of the metric. These observations show that the space of pairs
(Y44,7—_) is not a priori identical to the space of metrics of physical interest.® Neverthe-
less, we will see at the end of the present section that in fact some orbits contain geometries
that admit an acceptable extension passing through a degenerate Killing horizon.

In the second place, let us suppose that (44, 7——) does define a physically acceptable
metric and let us consider their orbits. Then, the question is if the other pairs of functions ~
in the orbits define physically acceptable metrics. It is clear that close to the boundary this
is the case since they are all related by an asymptotic diffeomorphism. A problem could
appear if one of these asymptotic diffeomorphisms cannot be extended far from the bound-
ary. However this seems hard to be the case. Then, if one representative of an orbit has an
acceptable extended metric we may assume that the other elements in the orbit also posses
an acceptable extension. In any case we do not need to address this issue in what follows.

®An interesting work on the physical phase space of AdS;3 gravity is [20].
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4.1 The orbits of AdS3; and BTZ black holes

First of all, we are interested in the orbits of AdS3 and of BTZ black holes. There will be a
coadjoint vector which can be identified with these geometries. One comment concerning
normalization. We describe the geometries by the pair (0, ¢) (instead of any other re-scaled
version (k©, kc)) in order that the canonical charges )1, defined in (2.10) in the gravity
context agree with the functions @y, .

Let us start with AdSs. From (2.4) we know that AdSs corresponds to y44 = vy__ =

—% and so

AdSs <32iGd92,232> X <32er¢1¢92,232) (4.1)
We see then that both coadjoint vectors, which together are identified with AdSs, belong
to the n = 1 orbit Diff(S*)/PSL,. This orbit has a constant representative by = —c/487
and this is precisely the one needed for AdSs. As we saw, the Lie algebra of its isotropy
group is generated by {l_1,lp,l1}, which agree with the known isometries of one of the
copies of AdS3. The only non-zero charge is the mass, which by definition is the charge
associated to the vector 0y = 1/04 + 1/ 0_:

M = @y, o)[AdSs] = —%% [(—c/48, 1)) %q) 1o l(—c/asm, £)] = (4.2)

120
This agrees with the value of the mass —1/8G obtained from the definition of the
charge (2.10) with ¢ = 3¢/2G.

Now we turn to the BTZ black holes, which are defined by the pair

14 _
— =by > —y__=by > 4.
87TG7++ (1 O) 87TG’Y 0 = 07 ( 3)
being by and by constant values. Thus
BTZ « (bodf?,c) x (bydb?, c) (4.4)

The constants by and by are related to the mass @y, and angular momentum Qg DY

bo + Bo
7
As in the case of AdS3, both coadjoint vectors describing BTZ geometries are constant

but in this case belong to the generic orbit Diff(S1)/S* x Diff(S1)/S!. As we pointed out,
for the BTZ these constant representatives are non-negative. We saw that their isotropy

M =27 J = 27(by — bo) (4.5)

group has a Lie algebra generated by Iy and Iy respectively, which agree with the known
isometries of BTZ black holes. From the results in section 3 we can reach important
conclusions about the orbits that host AdS3 and BTZ black holes:

Non-diffeomorphic spacetimes. Each orbit of the type Diff(S')/S! and
Diff(Sl)/PSLgn) contains only one constant representative. This implies that BTZ
geometries with different values of M and J must belong to different orbits and then
cannot be related by improper diffeomorphisms; this also implies that AdSs is not related
with BTZ black holes by improper diffeomporphisms.
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We want to recall that the definition of a metric in terms of ¥’s and the improper
diffeomorphisms are defined for large values of r. So, say we we have two 7’s defining
an asymptotic metric, this does not imply that there will exist a globally defined metric
having an asymptotic behaviour characterized by the given ~’s. It could also happen that
the improper diffeomporphism relating two points of a given orbit could not be extended
to any value of . However, we are using the argument in the opposite direction and we
conclude that different BTZ black holes and AdS3 are not related by diffeomorphisms even
in the asymptotic region.

Boundedness from below of the energy for BTZ and AdS3 orbits. We are going
to show that the energy in the BTZ and AdS3 orbits is bounded from below and these well-
known geometries are precisely the only ones that saturate the bound.” The conclusions

8 since only

reached in this subsection are valid for any metric of the physical phase space,
their asymptotic behaviour is what matters to compute their energy.

Recall the definition of energy (3.25) as a function on a given orbit and that the mass
of a given metric is just the sum of the energies in each copy of coadjoint orbits (modulo
an { factor). We found a simple argument that shows that, at least for the orbits of BTZ
geometries, the value of the energy of (bdf?,c) is greater than or equal to the one of the
(bodf?, c), being by the constant representative. In other words, this result implies that
each metric in the orbit of a BTZ of mass M will have a mass grater than M. This can
be proved by similar arguments as in [12]. We know that (b2d6?, c) is in the same orbit as

(b1df?, c) if and only if there exists a diffeomorphism given by a function F' such that:

" 112
ba(0) = FAOM(FO) - 55 (v~ 57 ) (4.6)

Let us consider the case in which by is a non-negative constant (so it is one copy of a
BTZ geometry) and let us compute the zero mode of the r.h.s. of (4.6). Since the factor in
front of by is positive and b; > 0, the zero mode of the first term will be non-negative. On
the other hand, using that Ig:l = (%)’ + };,/,,22 , we can see that the integral of the second
term will be grater or equal than zero (since | (%l,l)’ = (0). We then conclude,

2
/ by(0)df > 0 (4.7)
0
By noticing” that | g1 (F")? > 27, we can strengthen the inequality to show that:
1 2
— ba(60)dO > by (4.8)
2 0

This means that not only the energy is bounded from below but also that its lowest value is
that of the constant representative. In the case of a BTZ orbit, the minimum energy is just

"Soon after we submitted the first version of this paper, a work appeared regarding energy bounds which
arrives to the same results as here [21].

5In [8] the energy bound of AdSs and BTZ orbits was studied although locally around AdS; and BTZ
geometries. Here we show that the bounds remain valid globally and also consider the other kinds of orbits.

9To see this write F' = 0 + ZnEZ aneine and note that the zero mode of F’ is 1, so the zero mode of F?
must be 1+23 _lan|?.
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the BTZ mass M. Even more, it can be shown that it is a minimum strictly, i.e. that all the
boundary gravitons associated to that BTZ geometry have greater energy. As a corollary,
we find that there is only one non-negative constant representative in each orbit: suppose
now that by is constant as well, then we would have by > by, but with the inverse diffeomor-
phism we would arrive to by > bo, implying that the only consistent possibility is bs = b;.

For the case of AdSs, whose constant representative is negative, we have to use the
results of section 3. There, we saw that any orbit with constant representative by > —c/48w
has a global minimum energy and that this minimum is 27bg, i.e. reached only when
b = by [12]. This means that, recalling (4.1), AdSs3 is the metric with strictly the lowest
energy in the orbit it belongs to. This fact holds for any metric identified with constant
representatives such that by > —c/48w.

Let us turn to the other orbits with no constant representative or with a constant
representative such that by < —c/487. We can say, based on section 3, that their energy is
not bounded from below, except for the orbit Diff(S1)/T} 4 it has a lower bound which is
never reached, given by —c¢/24. We will comment more on this in what follows.

4.2 Exotic boundary gravitons

Apart from the BTZ orbits (orbits of the type Diff(S')/S! x Diff(S')/S! with non-negative
constant representative) and the AdSs orbit (Diff(S1)/PSLyxDiff(S!)/PSLs), there are
also products of Virasoro orbits of the following type:

1. Diff(S!)/S!xDiff(S1)/S!, with a negative constant representative in one copy or in
both

2. Diff(S1)/S! xDiff(S1)/PSLYY,
3. Diff(S1)/PSLY™ xDiff(S1) /PSLYY | with n or m greater than 1.

These cases describe BTZ-like geometries with M < |.J|, and according to [22] they posses
topological defects or naked singularities.

On the other hand, we also have the orbits with isotropy groups 7, A and T, n+- Let us
concentrate in the first ones now. Tj, o: these orbits do not have a constant representative.
Fortunately, in [12] an explicit representative b, o was found on these orbits

127 A2 2 AL 3p2

T —
mA S e T Ty 1y

Y () := cos? <7120) - (Sin (?) - % cos <7120>>2 (4.10)

As was stated in section 3, the numbers A and n fully characterize the orbit, so there is

(4.9)

with

always one and only one element of the form (4.9) in each orbit.
Now we turn to the other orbits with isotropy group 7), +: these have no constant
representative either. Again, there is an explicit element of the orbit found in [12]
2 +1
127 n? B 3n (1 - 3;)

e =

t 2V 4Y2 (4.11)
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with . 0
Y(0):=1— = sin? (”) (4.12)

The number n together with the sign + define these orbits and there is one and only one
element of the form (4.11) in each orbit of this kind.

In any orbit with isotropy groups 7T}, A and Tn,i one can construct a curve in the orbit.
We will refer now to the latter (see equation (4.34) in [12] for an example in the other
case). An example of a curve in Diff(S)/T;, 4 is

12 22 3n%d?(a® — 3 1
o i(a) = % ”“(“ﬂ or). a€<,oo) (4.13)
t 2Y, 4Y, V2T
with L )
Ya(0) := a® = S sin’ (”2> . (4.14)
In the limit @ — oo the curve approaches b = —n?c/487. So it is clear that these orbits are

“close” at some point to the constant representative of the Diff(S!)/ PSLgn) orbits. Let us

consider the case n = 1 and + now, namely the orbit Diff(S')/T} . We saw in section 3
that this particular orbit has the energy bounded from below, but never reaches the bound
—c/24. Now it is more clear what is happening: the elements of the curve (4.13) approach
the constant representative by = —c/487 and so they get closer and closer to its energy but
never reach it. In the gravity picture, this means that there is a set of metrics which are
continuously connected to AdSs, with strictly greater energy, and are non-diffeomorphic
to it even in the asymptotic region.

4.3 Diffeomorphic invariants

Let us consider here the problem of characterizing the sets of metrics related by diffeom-
porphisms. For two choices of the pair (y44,7-—), the corresponding boundary metrics
could be related by an improper diffeomorphism or not. In other words, the corresponding
b’s will be in the same Virasoro orbit or not. A natural question that we want to address
is: given two elements (bydf?,t) and (badf?,t), how can we decide whether they belong to
the same orbit or not?

A necessary and sufficient condition for by and by to belong to the same orbit is the
existence of a diffeomorphism given by F' such that (4.6) is satisfied. However, since the
existence of I’ requires from us to be able to show that a complicated differential equation
admits a regular solution with no zeros, this is not a practical criterion.

It would be useful to have a diffeomorphism-invariant characterization of the b’s by
numbers defining the orbits in a unique way. The canonical charges are not useful, since
these are just the Fourier modes of a representative and thus are clearly not invariant
quantities along the orbit. Unfortunately, we don’t know such a convenient criterion of
this kind.

However, if we look at the killing vector of the metric instead of looking at the metric
itself, we can find a practical method, at least for the orbits other than Diff(S')/S!, as we
will see in what follows.
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Diffeomorphism invariants associated to Killing vectors. As we saw in section 3
with some detail, the orbits that do not contain constant representatives are defined by a
vector field f0y fulfilling one of the two requirements:

e [ has an even number of simple zeros, with | f/(z;) |= 1 at each zero.
e f has double zeros and a vanishing third derivative at each zero.

Given a central charge ¢ = t, such f defines a caodjoint vector (b fd62, ¢) belonging to one
of the mentioned orbits through the following relation [3]

o P = 5P = P ()
[ = 24 f2

(4.15)

being o one of the zeros. As we have said, f”2(zo) will be 1 in the first case and zero in
the second case. It can be shown that by solves (3.11) equated to zero and that it is well
defined on the zeros of f. In other words, the element b defined in this way will have f
as the generator of the isotropy group (remember that these orbits have a one-parametric
isotropy group). This means that the vector field fdy will be the killing vector of the
corresponding copy of the metric.

The advantage of describing the space of metrics by a function f resides in that there
are numbers computed easily from f which uniquely characterize the orbit of the associated
bs. These numbers were introduced already in section 3 and here we recall them:

e (n,A) for the case of simple zeros

e n,+/— for the case of double zeros

where 2n is the number of zeros, A = lim._,q fsl—Ve % is the integral defined in (3.20), and
+ and — are invariant signs explained in [3].

We can extend this to the case of the orbits with a constant representative such that
bo = —cn?/487. For these orbits there are actually three Killing vectors
{0y, cos(nB)0p,sin(nd)dg}, and only the last two have zeros, which are 2n simple zeros.
Even more, these two f have A = 0. So, we can say that, coming back to the gravity
application, if we take an f of the first kind with A = 0 and n = 1 we will know that
the corresponding metric will be an AdSs graviton, even if we are not able to see which
is the diffeomorphism that brings the metric to the one given by vy = y7-_ = —i. If
A # 0, we can be sure that the metric is not diffeomorphic to AdSs since in this case the
orbit isotropy group is 7j, o. BTZ black holes are excluded from the analysis since their
corresponding f are just constant functions so they have no zeros. This means that if you
start with an f with no zeros (not necessarily constant), the orbit must have a constant
representative, and it may correspond to a BTZ black hole, but this is as far as we can say,
since it could be a negative constant representative. From what we have just seen, given a
Killing vector f0y, it is easier to conclude the absence of a BTZ black hole on the orbit than

the existence. On the other hand, the orbit of AdSs3 can be identified without difficulty.
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4.4 Extending boundary exotic geometries

So far we have concentrated in the asymptotic structure of the metrics, without worrying
about possible obstructions to extend them away from the boundary, to the region r <
ro (see discussion at the beginning of section 4). Here we address this issue by taking
advantage of a recent work by Li and Lucietti [13]. In that work they use a particular
set of coordinates introduced in [23] that can be extended!® beyond the horizon rq of
a black hole, but only until some 79 < rg. We are going to show now that the family
of spacetimes with a degenerate Killing horizon considered in [13] contains examples of
the exotic boundary gravitons we have presented before, and thus these gravitons can be
extended beyond the horizon.
The degenerate solutions of [13] have an expansion for large r that gives

=0 =86 = (1-2) (4.16)

a? «
where « is an arbitrary function which must satisfy!
a >0, alz” +27) =a(z") (4.17)

We see that one of the copies has the zero constant representative and thus is in a
Diff(S1)/St orbit and has ¢M = —J. It remains to study the other copy. For this,
we want to show that there is a function « such that «v__ is a representative of the desired
orbit.

Let us change variables as U = % and then

1
v =U+ §U’ (4.18)

The solution to this equation is

U=2% ( / e y__(\)d + 0) (4.19)
0
In order for U to be 2m-periodic we demand

J2T Py (N)dA

C =
edm — 1

(4.20)

The last thing we need is U > 0. We explore this for some representatives of the exotic
orbits. For example, for v__ = IQTWbl,A as in (4.9), we numerically see that for A = 100
then U is always positive. This means that the orbit Diff(S1)/T} 100 has a representative
that can be extended beyond 7.

Now, let us consider the exotic orbit TL_A'_. We recall that this orbit is the only exotic one
with the energy bounded from below and also has the property of possessing representatives
being arbitrary close to AdSs. This orbit is also in the family of metrics of [13] since

We thank J. Lucietti for clarifications about [13].
"'What we call « is the function 77 in [13].
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U > 0 for some value'? of @ in (4.13). In general, to prove that one representative can be
extended beyond rq is almost all we need to prove to claim that actually all the elements
of the corresponding orbit can be extended too. The only thing left is to show that the
diffeomorphism that connects any two elements of the orbit remains well defined beyond
ro as we already discussed at the beginning of the section.

5 Humble digression on the quantization of the orbits

In this section we give an incomplete and brief summary of the quantization of Virasoro
orbits, while trying to present the most relevant points to our understanding. The math-
ematical literature on the topic is vast and deserves a much thorough presentation (for
example see [11]).

Geometric quantization. A natural approach for quantizing coadjoint orbits is that
called geometric quantization [10]. The geometric quantization scheme mainly aims — by
means of a geometrical procedure — to assign to certain classical physical system described
by a symplectic manifold (M,w), a quantum theory: a Hilbert space H and Hermitian
operators on it. More specifically, this procedure must define an algebra morphism (up to
a factor) between the Poisson algebra of classical observables, i.e. of real functions on M,
and Hermitian operators on , such that the following requirements are met [24]:

i) Of 4 p, = O, + Oy,

i) Oxf =XOy, XeC
iii) O1 = Idy

iv) [Of,, Op,] = ihOyy, .3

where Oy is the self-adjoint operator corresponding to the classical obervable f. A fifth
requirement is introduced in order to respect the symmetries of the classical phase space

v) If there is a symmetry group G of symplectomorphisms that act on (M, w), then
(H,U) should provide an irreducible unitary representation of G, where U : G —
U(H) is a group homomorphism.

This requirements should hold for any quantization with the same spirit as that of the
canonical quantization. The particularity of the geometric quantization procedure resides in
the geometrical structures introduced in order to define a Hilbert space and the Hermitian
operators. We are not going to give a detailed account of the scheme, we just want to
mention the key points. First, starting from a 2n-dimensional symplectic manifold (M, w),
one needs to construct a line bundle L with base M, a curvature given by w/27h, and

2The window here is narrow, and we get U > 0 for a = 0.399, with a the parameter of the curve in the
orbit.
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a compatible!® hermitian structure h. The pre-Hilbert space is the space of sections of
compact support of this line bundle and the inner product is given by

(¢1,82) == <271Th>” /M h(¢1, ¢2)Aw, (5.1)

where ¢1 2 are sections of L and A, is the Liouville volume form A, = (—1)%”("_1)%w".
To obtain a Hilbert space Hp one needs to take the completion of this pre-Hilbert space.
This is what is known as pre-quantization and Hp is the prequantum Hilbert space. The

self-adjoint operators that satisfy the (first four) conditions stated above are given by
Of = —ihVx, + f (5.2)

where V is the connection on L and Xy is the Hamiltonian vector field of f.

The next part of the geometric quantization program is called polarization. This is
introduced because the pre-quantum Hilbert space and its quantum observables (5.2) fail
to satisfy the fifth condition regarding irreducibility. The idea is to considerably reduce
the space Hp so that it becomes an irreducible representation of the symmetry group G.
Of course, the implementation of this idea is through a polarization P:

'p(L)={¢peT(L)|Vxsd=0,VX € P} (5.3)
The Hilbert space H is then defined as
H=Tp(L)NHp
The quantum observables allowed by the polarization are those that respect it:
O, Vplo =0, Vo € Tp(L) (5.4)

This condition on the self-adjoint operators translates into a restriction on the space of
classical observables. In other words, once a polarization is chosen, not all the classical
observables can be mapped to a Hermitian operator. If the symplectic manifold happens
to be Kahler, then one has a natural polarization called Kdhler polarization, which consists
on keeping only the vector fields that belong to one of the eigenspaces of the complex
structure of the manifold.

There is a third step of the geometric quantization program called metaplectic
correction but since it does not seem to play an important part in the present discussion

we omit it.

State of the art of Virasoro orbits quantization: a glance. The first thing to
note is that the coadjoint orbits of Virasoro group are infinite-dimensional manifolds, so
the geometric quantization procedure, which was originally thought for finite-dimensional

!3The necessary and sufficient condition for w/2n% to be the curvature of the line bundle we are de-
scribing, namely with hermitian structure and a compatible connection, is that the cohomology class
[52:] € H*(M,R) is integer.
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systems, should be adapted. One optimistic fact is that among the Virasoro coadjoint
orbits, there are two types which are proved to be Kihler [25], and they are Diff(S')/S!
and Diff(S')/PSLy. Notably, these are precisely the orbits where AdS3 and the BTZ black
holes live. Unfortunately, as far as we know, the geometric quantization of these orbits has
not been achieved so far.!* The main obstacle, due in part to the infinite-dimensionality,
appears to be the difficulty in defining an invariant measure on them.?

As an attempt to say something more about the geometric quantization, in [3] is
claimed that if one could achieve the geometric quantization of the AdS3 orbit for ¢ > 1,
then its partition function Tr qzo would necessarily coincide with that obtained from the
Verma module representation:

TrqﬁO = H ! (5.5)

n=2 1- qn

This is precisely the partition function of the AdSs sector used in [1] to compute, through
modular transformations, the contributions to the partition function of the Euclidean black
holes.

The Verma module provides the usual quantization found in the physics literature
by giving a representation of the Virasoro algebm (see for example [19]). This module
possesses a Hilbert space structure where iL, and iZ are the quantum versions of the
classical functions on phase space @7, and ®z respectively. However, what is not available
in this quantization is the map from the Virasoro group symmetries to a unitary irreducible
representations as demanded by the fifth requirement above. Nevertheless, the algebra
representation through the Verma module can be integrated to a unitary representation of
Virasoro group according to [26]. Even more, these unitary representations are contained
in the classification of [27] which actually makes contact with the geometric quantization
of the Diff(S1)/S! orbit. In a future work we want to explore what this can tell about the
quantization of the orbits of AdS3 gravity.
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