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Abstract

We derive hamiltionian generators of asymptotic symmetries for
general relativity with asymptotic AdS boundary conditions using the
“covariant phase space” method of Wald et al. We then compare our
results with other definitions that have been proposed in the literature.
We find that our definition agrees with that proposed by Ashtekar et
al, with the spinor definition, and with the background dependent
definition of Henneaux and Teitelboim. Our definition disagrees with
the one obtained from the “counterterm subtraction method,” but the
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difference is found to consist only of a “constant offset” that is deter-
mined entirely in terms of the boundary metric. We finally discuss
and justify our boundary conditions by a linear perturbation analysis,
and we comment on generalizations of our boundary conditions, as
well as inclusion of matter fields.

1 Introduction

While the cosmological constant observed in nature seems to be (small and)
positive, there is considerable theoretical interest in studying theories of grav-
ity with a negative cosmological constant. A negative cosmological constant
gives rise to classical spacetimes whose asymptotic structure can be viewed
as a timelike “boundary” at infinity, which in turn can be considered as
a lower dimensional spacetime in its own right. The AdS/CFT correspon-
dence [1, 2, 3, 4] asserts that conformal quantum field theories living on this
boundary provide a “holographic” description of the gravity theory in the
“bulk”.

An important aspect of the correspondence is the matching of symmetries
on both sides. In diffeomorphism invariant theories such as general relativity
in d dimensions, the hamiltonian generators of asymptotic spacetime sym-
metries can be expressed as surface integrals over a (d — 2)-dimensional cross
section at infinity, while the asymptotic symmetry vector fields themselves
can be identified with conformal killing fields of the boundary. On the field
theory side, these generators correspond to generators of the conformal sym-
metry algebra of the CFT, which are also given by integrals over (d — 2)
dimensional surfaces within the boundary spacetime!.

Given the importance of symmetries for the correspondence, it is perhaps
surprising that our understanding of the hamiltonian generators of asymp-
totic symmetries in asymptotically AdS spacetimes does not seem to be
optimal—as may be appreciated e.g. from that fact that, over the years,
several definitions for “conserved charges” associated with asymptotic sym-
metries have been proposed: The definition by Ashtekar et al. [5, 6] based
on the electric Weyl tensor, the Hamiltonian definition by Henneaux and
Teitelboim [7], the “pseudotensor” approach of Abbott and Deser [8], the

I'The same statement is also true for the generators of the “fermionic” symmetries that
occur in supergravity. We will restrict ourselves here to the bosonic generators.



KBL approach [9, 10], the spinor definition [11, 12] based on an original idea
by Witten [13], and the “counterterm subtraction method” by Henningson
and Skenderis and by Balasubramanian and Kraus [14, 15, 16, 17, 18, 19,
20, 21, 22, 23]. These constructions are all rather different in philosophy
and appearance. Their relation has mostly been analyzed in the context of
special solutions to the field equations, but a comprehensive and systematic
comparison does not seem to exist in the literature. The aim of the present
paper is to fill in this gap.

However, before doing so, we will begin in sections 2 and 3 by provid-
ing yet another construction of conserved charges in asymptotically AdS-
spacetimes. For this purpose we use the general “covariant phase space
formalism” of Wald et al. [24, 25] (see also [26] for earlier related work).
Our construction combines, in some sense, many individual advantages of
the previous constructions, while avoiding some of their disadvantages. For
example, it has the advantage of being couched in a Hamiltonian framework
(as does the approach of Henneaux and Teitelboim), which ensures that the
charges have the proper physical interpretation as the generators of the sym-
metries. At the same time, the construction is manifestly “covariant” and
“background independent” because it uses the formalism of conformal infin-
ity introduced by Penrose [27] (as in Ashtekar’s definition). Our construction
will also facilitate the comparison with various previous definitions of con-
served charges.

This comparison is carried out in detail in section 4. It turns out that the
final form of our expression for the conserved charges is manifestly equiva-
lent to Ashtekar’s (although our derivation is different). In subsection 4.1, we
compare our definition with the counterterm subtraction method in d = 5.
We show that the methods are not equivalent, as had in fact been noticed
previously [15, 6]. However, we show that the difference is given only by a
constant offset, which is expressible entirely in terms of the non-dynamical
boundary data, and hence is the same for any asymptotically AdS space-
time. In subsection 4.2, we compare our method to that of Henneaux and
Teitelboim, and we find that both are equivalent. In subsection 4.3, we es-
tablish that our definition is equivalent to the spinor method in d dimensions,
thereby generalizing a result of Davis [28] in d = 4. However, comparison
with the Abbott-Deser approach [8] and its generalizations [29, 30, 31], as well
as with the KBL approach [9, 10], is postponed for future investigation. In
section 5, we discuss how to generalize our constructions when matter fields



are present. Of particular interest are scalar fields saturating the so-called
“Breitenlohner-Friedman bound” [32], and abelian p-form fields. These are
therefore discussed in some detail in sections 5.1 and 5.2-5.4, respectively.

Finally, in section 6 we motivate our choice of “boundary conditions”
by showing that they arise naturally in a linear perturbation analysis around
exact AdS-space. In fact, that analysis shows that other boundary conditions
are also possible, and we discuss some of these, although we leave a more
detailed analysis, as well as the derivation of the corresponding conserved
charges to a future investigation.

Our notations and conventions are the following: The dimension of
the spacetime is denoted d, and we assume? d > 4. The signature of the
metric is (— 44+ ...), the convention for the Riemann tensor is V,Vyk, =
(1/2)Rapekq and Ry = Rae” for the Ricci tensor. Indices in parenthesis are
symmetrized and indices in brackets are antisymmetrized. Indices on tilde
tensor fields Z4... are raised and lowered with the unphysical metric g, and
its inverse §*°, whereas indices on untilde fields are raised and lowered with
the physical metric g, = Q2 2§, and its inverse g?°. The AdS radius is
denoted ¢. We set £ = 1 in most of our formulas if not explicitly stated
otherwise.

2 Hamiltonian approach to conserved charges
in AdS and boundary conditions

In this section, we review the general algorithm given by Wald and Zoupas [24]
for defining “charges” associated with symmetries preserving a given set of
“boundary conditions” in the context of theories derived from a diffeomor-
phism covariant Lagrangian. This will be used to define conserved charges
in d-dimensional general relativity with a specific choice of asymptotic AdS

2Since the Weyl tensor vanishes for d = 3 the definition [5, 6] of Ashtekar et al becomes
trivial for this case. However, for d = 3 a covariant phase space construction of energy has
already been given in [33] and one has the Henneaux-Teitelboim type construction [34] by
Brown and Henneaux. While it would be interesting to compare these latter definitions
with the counter-term subtraction approach, the d = 3 case requires special treatment due
to the appearance of factors of d — 3 in many formulae below. We therefore restrict to
d > 4 below, referring the reader to [17] for details of the expansion in d = 3 and saving
the comparison of charges for [35].



boundary conditions, as the generator conjugate to an appropriately defined
asymptotic symmetry.

The algorithm [24] applies to arbitrary theories derived from a diffeomor-
phism covariant Lagrangian. We focus here on vacuum general relativity with
a negative cosmological constant in d dimensions, defined by the Lagrangian
density (viewed as a d-form)

1
I —
167G

V=g (R—2A)d%z, A<0. (1)

In order to completely specify the theory, one must also prescribe a set of
asymptotic conditions for the metric. In this paper, we will consider the
following

Asymptotic Conditions:

1. One can attach a boundary, . = Rx S92 to M such that M = MU.#
is a manifold with boundary.

2. On M , there is a smooth® metric g, and a smooth function € such
that gu = Q2 2§w, and such that Q = 0 and

iy = V,Q #0 (2)

at points of .#. The metric ﬁab on .# induced by g is in the conformal
class of the Einstein static universe,

hap dz®da’ = e“[—dt* + do?], (3)

where do? is the line element of the unit sphere S92, and where w is
some smooth function. Thus, .# is a timelike boundary.

Other boundary conditions, corresponding to different notions of asymptot-
ically AdS spacetimes are also possible (see Sec.6), but will not be discussed

3By “smooth”, we mean C>. However, for our constructions to work, it would be
sufficient to require only that §up is (d — 1)-times continuously differentiable. This weaker
requirement is, in fact, the appropriate one when various matter fields are included. It
would then be natural to also weaken the differentiability of {2 and the manifold structure
of M, but we will not discuss this for simplicity.



here. The prototype spacetime satisfying the above asymptotic conditions
is, of course, AdS space itself. It has the line element
dr?

2 _ 22y 2 @
dsg = (1+r/€)dt+1+r2/€2

+ r2do?, (4)

in global coordinates, where

{=+/—(d—1)(d-2)/2A (5)

is the AdS radius. By a change of coordinates, this can be brought into the
form

? 02 o
dst = — {dm — dt? + do® — —(dt* + do®) + —(—dt* + daQ)] . (6)
0?2 2 16
where 2 > 0 is an analytic function of r. Thus, for pure AdS, a conformal
completion can be obtained by taking M to be the manifold obtained from
M by attaching the boundary .# consisting of the points Q = 0, and by
taking the unphysical metric to be ds? = Q*ds2. This is explicitly
2 _ 2| 302 2 ., 2 2 2
dsg =1 {dQ —dt* +do —?(dt +da)+ﬁ(—dt +do )], (7)
and obviously smooth. The induced metric on & is (*[—dt* 4+ do?], i.e., the
metric of the Einstein static universe with radius ¢. One can likewise verify
that the asymptotic conditions are also obeyed by the AdS-Schwarzschild
and AdS-Myers-Perry solutions.

If the above asymptotic conditions are combined with Einstein’s equation,
then one can obtain much more detailed results about the asymptotic form
of the metric at infinity. These consequences will be worked out in the next
section and are summarized in lemma 3.1.

The diffeomorphisms f of M with the property that f*gu, is asymptot-
ically AdS whenever g, is, form a group under composition. Of physical
significance is the group G obtained by factoring this group by Diff(M )y,
where Diff(M), is the subgroup of diffeos leaving .# pointwise invariant.
The factor group G is called the “asymptotic symmetry group”. Since the
elements of G can be identified with conformal isometries of the Einstein
static universe, it follows that

G20(d—1,2). (8)
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The elements of the Lie-algebra of G' correspond to equivalence classes of vec-
tor fields £ generating a 1-parameter group asymptotic symmetries, modulo
vector fields that vanish on .#. (By abuse of language, we will refer to these
again as “asymptotic symmetries.”) We are interested in defining the corre-
sponding generators He on phase space®.

For this, consider the variation of the Lagrange density L, which can
always be written in the form

0L =F -dg+db, 9)

Here, F' are the field equations; in our case

1
.~ gd.,. - .
Fab 167 Gd z ( 2Rgab + Agab) ) (10>

and df is the exterior differential of the (d — 1)-form 6 corresponding to the
“boundary term” that would arise if the variation of L were performed under
an integral sign. It is given in our case by
1 C
eal...ad,l = RU €cay...ag_1>
where € = d?x/—g is the volume form (identified with a d-form), and v, is
given by

(11)

v = Vg, — V. (12)
The antisymmetrized second variation® w of 6 defines the (dualized) sym-
plectic current,

w(g; 019, 029) = 016(g; d29) — 620(g; 619), (13)
so that w depends on the unperturbed metric and is skew in the pair of
perturbations (d1g, d2g). It is given in our case by

1

. c
wal---adfl - 167TGw Ecal...ad,p

(14)

4Note that, since the Lie-algebra elements of G are in correspondence with equivalence
classes vector fields on M modulo vector fields that vanish on .7, it follows that the
expression for H¢ must be such that it is independent on which particular vector field
representative in the equivalence class is chosen. Thus, it must vanish for any vector field
that is zero on .#. This means, roughly speaking, that H¢ cannot depend on derivatives
of £ normal to .7.

5Here, and in similar other formulas involving second variations, we assume without
loss of generality that the variations commute, i.e., that d1(d2g) — d2(d1g9) = 0.
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where w¢ is the symplectic current vector
w* = P (810, V a62ger — 6290eV a61Ger) (15)
with

1 1 1 1
Pabcdef — gaegfbgcd . §gadgbegfc . 5gabgcdgef . §gbcgaegfd+ igbcgadgef' (16)
The integral of the symplectic current over an achronal (d — 1)-dimensional

submanifold ¥ of M defines the symplectic structure, oy, of general relativity

o5(g; 619, 029) = / w(g; 019, 629). (17)
>

It follows from a general argument that when both d;¢ and d,¢g satisfy the
linearized equations of motion, then dw = 0, or, what is the same thing,
that the symplectic current (15) is conserved, V%w, = 0. This fact can
be used to find how oy depends upon the choice of ¥. Namely, let >
and Y be two achronal surfaces ending on .#. They enclose a spacetime
volume which is bounded by X, Y5, and a portion .#;5 of infinity. By Stokes
theorem, the difference between oy and oy is given by the integral [ g W
However, below equation (67) we will show that, when viewed as a form
on the unphysical spacetime, the pull-back of w to .# vanishes for linearized
solutions d;¢g and d9g satisfying our asymptotic conditions. Consequently, the
symplectic structure oy, does not depend on the choice of ¥. Furthermore,
since w vanishes at .# and X is compact in the the unphysical spacetime, this
will show that the symplectic structure (17) is well-defined. An equivalent—
and somewhat more familar—way to write the symplectic form is

05(g;019,029) = (0177 82q55 — (1 < 2)] (18)

]_67TG »
where ¢;; is the intrinsic metric on X, and 7% = d%'z\/—q(k¥ — Kkq") the
momentum, written in terms of the extrinsic curvature x;; of 3.

One would now like to define the generator associated with a vector field
&% representing an asymptotic symmetry by

0He = 0x(g; 09, £eg) Vg, (19)



where ¥ is a partial Cauchy surface whose boundary, C', is a cut of .#. Note
that, since the right side is the symplectic form, this equation says that H,—if
it exists—is indeed the generator (in the sense of Hamiltonian mechanics) of
the infinitesimal displacement (“Hamiltonian vector field”) dg = £¢g, which
in turn describes the action of an infinitesimal symmetry in the phase space
of the theory.

Note that since £¢£, — £,£e = Le (with [, 7]" = EVn® —nPV,€® the
commutator of two vector fields), it follows automatically that the Hamilto-
nian vector fields associated with two infinitesimal symmetries £, n® satisfy
the same algebra as ordinary vector fields on M under the commutator. Con-
sequently, if the symplectic form oy, is used to define a Poisson bracket, then
the charges H¢—if they exist—must satify the same algebra up to a central
extension, i.e.,

{He. Hnt = Hiew + c(€,m). (20)
Note also that at this stage H¢, H,, and ¢({,n) might perhaps depend on
the choice of partial Cauchy surface X.

Before analyzing the existence of H, within the specific setup under inves-
tigation in this paper—namely Einstein gravity with a negative cosmological
constant and the boundary conditions spelled out above—it is instructive,
following [24], to first study the general structure of eq. (19). Let us assume
that the the right side of eq. (19) is actually finite, as will be the case, e.g., if
the symplectic current form w(g, 019, d2g) has a well-defined (i.e., finite) ex-
tension to .#, and as will turn out to be the case in our setup. Equation (19)
can then be written in the form [24]

SHe = /E 5CLE" + /c 6Q¢ — € - 0(g, 59)), (21)

Here, C, = Cap, .1,_,) are the constraints of the theory® (identified with (d—1)-
forms), and Q¢ is the Noether charge, which is given in our case by

1 bee
Qal---ad—Z - _167TG(V 5 )Ebcal---ad—2 : (22)
Consistency requires (0102 — d201)He = 0, so we must have
0= ¢ [020(g,619) — 6:10(g, 029)] = £ - w(g; 019, d29) (23)

6In the case of pure gravity that we are considering here, these are given by Ca[b Lbaa] =
€by..by_ic(Ra — %Réac + Ads©).



on .#, or else H, cannot exist. If this equation holds—which is by no means
guaranteed in general and depends crucially on the Lagrangian and on the
nature of the boundary conditions—then it follows that there is a (d — 2)-
form I¢ such that

0Qe — &£ - 0(6g) = 6l¢ (24)

up to an exact form. We conclude that a solution to eq. (21) is given by

He = /E £C, + /C L. (25)

When the equations of motion are satisfied, then the constraints C, vanish
identically, so the first term vanishes and H, reduces to a surface integral.

As we will see, the consistency condition (23) holds (in fact, the sym-
plectic form w vanishes identically on .#) under our asymptotic conditions
(in combination with Einstein’s equations), and so a conserved generator He
exists. An explicit expression for this generator will be derived in the next
section. Note that eq. (21) only fixes H¢ up to terms that have vanishing
variation, i.e., terms that are defined entirely in terms of the background
structure, which in our case is the geometry of the boundary.

It is natural to fix this non-uniqueness by requiring that He(go) = 0 for
all asymptotic symmetries in exact AdS. Now, note that given an exactly
AdS metric gy we may take any asymptotic symmetry n to be represented
by a Killing field of go. As a result, the change 9,/H; may be evaluated by
taking 0g = £,90 = 0 in (19). Thus we find

{Hy, He}(90) = dyHe(g0) = 0. (26)

As a result, taking He(go) = 0 sets ¢(§,n) = 0 in (20) and ensures that our
generators satisfy the symmetry algebra.

Furthermore, under the assumption that the symplectic structure oy, is
independent of 3, taking H¢(go) = 0 guarantees that H, is independent of
the cut C. This result is manifest when H, is evaluated on go. For a general
asymptotically AdS-metric, we may use the fact that (19) is independent of
¥ to establish that the failure (if any) of H, to be independent of the cut C'
is given by an expression that has vanishing variation. Assuming that any

"In order to prove this statement from the consistency condition (23), one needs to
assume that the space of asymptotic AdS-geometries is simply connected [24].
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asymptotic AdS-geometry can be connected to gy by a path, it follows that
this expression in fact has to vanish. We will establish this explicitly for the
theory of interest at the end of section 3 below.

It is worth contrasting the case of A < 0 with asymptotically AdS bound-
ary conditions with the case A = 0 and asymptotically flat boundary con-
ditions. In the latter case, it is found [36, 24] that eq. (23) is not satis-
fied and consequently, no “absolutely conserved” generator exists in that
case. This is directly related to the fact that, in the asymptotically flat
case, gravitational radiation can leak out to infinity. In [36] it is shown
how to construct a canonical “non-conserved” generator He[C] (equal to the
Bondi energy-momentum and angular momentum) satisfying the “balance
law” He[C1] — He[Co] = [, Fe, where F¢ is a suitably defined flux-density®
through the portion .#15 of scri bounded by C and Cj.

3 AdS charges

We now implement the strategy laid out in the previous section. The up-
shot of our analysis will be that a conserved generator H, exists for every
asymptotic symmetry £* under our boundary conditions. It is given by

) . _

He = —— [ Enu*eds. 27

e § (27)

where dS is the integration element on C' obtained from the unphysical met-

ric, where 4 is the unit timelike normal to C' within .# (normalized with

respect to the unphysical metric), and where F,, is the normalized (leading
order) electric part of the unphysical Weyl tensor,

oo 1 3—d ~c~d
Eab = d— BQ Cacbdn n-. (28)

The vector field 7% is defined as above by 7% = V%, and we remind the
reader of our convention that tensor indices on “tilde” quantities are raised
and lowered with the unphysical metric, while indices of “untilde” quantities
are raised and lowered with the physical metric. It will be shown below that,

8When £° is a time-translation, that flux is given by the square of a suitably defined
“news tensor”.
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despite the inverse powers of €, the quantity E,, is finite at .# when the
metric satisfies our boundary conditions and Einstein’s equation.
Expression (27) agrees with the expression proposed previously by Ashtekar

and Magnon [5] (in d = 4) and by Ashtekar and Das [6] (for higher dimen-
sions). We emphasize, however, that our strategy leading to this expression
is logically rather different from that of Ashtekar et al. First, we derive this
expression within a Hamiltonian framework, whereas that expression was es-
sentially guessed by Ashtekar et al., based on dimensional considerations, on
the fact that it reproduces the known expressions for energy-momentum and
angular momentum in the exactly known AdS-black hole spacetimes, and
on the fact that H, turns out to be independent of the cross section C' (see
below). Secondly, while Ashtekar et al. essentially assume the finiteness of
E,, as part of their boundary conditions, we in fact derive the finiteness of

Ey.

As explained in the previous section, the fact that He is derived from
a consistent Hamiltonian framework together with the statement that H,
vanishes when evaluated on exact AdS space automatically implies that it is
conserved, i.e., does not depend on the cross section C. Actually, as pointed
out by Ashtekar et al., this can also be seen explicitly. To see this, one notes
that, by definition, E,;, is trace-free and symmetric. It will be shown below
that furthermore

DB, =0 on .7, (29)
where D, is the intrinsic unphysical derivative operator on ., i.e., the deriva-

tive operator of e*(—dt? + do?). Now the difference between the hamiltonian
charge for different cuts Cy, Cy of . can be written as

——— | DYE,&")ds
57G /. (Eaw”) ds, (30)

He[Ch] — He[Co] =

using Stoke’s theorem, where d§ is now the (d — 1)-dimensional integration
element on .# associated with the unphysical metric. But it follows from the
properties of E,, that, on .7,

. - 1 -~ -
DM (Eat") = B Dty = 7= Ea"Dit" =0, (31)

where we have used that an asymptotic symmetry restricts to a conformal
Killing field on .#. Hence, the integrand of H, is divergence free, and we
conclude that the integral does not depend on the choice of the cut C.

12



Let us now derive the expression for H¢, and the properties of E.. As
explained in the previous section, He is uniquely defined by eq. (21) specifying
its variation dHg, and by the property that H, = 0 in exact AdS space.
The second property is obviously satisfied, because exact AdS space has a
vanishing Weyl tensor, and hence a vanishing E,p. In order to verify that our
expression for H, has the correct variation postulated by eq. (21), we must
analyze the consequences of Einstein’s equations. The reader not interested
in the details of this analysis can jump directly to lemma 3.1, where we
summarize the results.

To analyze Einstein’s equations, it is convenient to introduce the tensor

field 5 1

Sup = ——Ryp — ————————Rijms, 32

b= J_o'tab (d—1)(d—2) Gab (32)

ie., gab is essentially the Ricci tensor of the unphysical metric gq,. In terms
of this field, Einstein’s equation is

0= Sup + 207 V,ity — Q 2Gap (7R — £72) . (33)
From now on, we set
(=1. (34)
Multiplying eq. (33) by 22 and evaluating the result at %, we see that

A, | I =1, (35)

i.e., n® is spacelike, unit, and normal to .#, consistent with our assumption
that . is a timelike boundary. Now it is always possible to choose the
conformal factor €2 so that the unphysical metric takes the “Gaussian normal
form”

Jab = VaQVQ + hep, (36)
where hy, = izab(Q) is such that ﬁab(Q = 0) is equal to the metric of the
Einstein static universe on .#, and such that

haaVPQ =0, §*V,QV,Q =1 (37)

in a full neighborhood of .#, (as usual, indices on tilda tensor fields are

raised and lowered with g,;). In other words, hg, is the induced metric on
the surfaces .#q, the timelike surfaces of constant 2. For example, for the

13



metric of exact AdS space, the choice of the conformal factor given by eq. (7)
satisfies egs. (37), and the form of h,, can be read off from expression (7) as

- 1.\ 1.\
hap dz’da’® = — (1 + 192) dt* + <1 — 192) do? in exact AdS. (38)

For a general asymptotically AdS metric, a conformal factor satisfying eq. (37)
may be found by first choosing an arbitrary €2, and then modifying this choice
if necessary as {2 — ¢€“(2, where w is to be determined. One way to do this
is by making a (formal) power series ansatz w = > w2, where £;w; = 0.
One chooses wy so that the induced unphysical metric on .# is the Einstein
static universe, and w; so that @aﬁb = 0 on .#. Einstein’s equations (33)
then immediately show that with these choices, we have nn. = 1 + O(Q?).
It can be seen from this that the remaining ws,ws, ... may then be chosen
recursively so that n.n® = 1 for the new choice of conformal factor, to all
orders in 2. Consequently, we can achieve that eq. (37) holds to all orders in
2, and that the induced metric on .# is the Einstein static universe. For the
arguments given below, it will not matter whether eq. (37) holds exactly, or
only to all orders in €. For simplicity, we will assume that it holds exactly.

For a conformal factor satisfying (37), Einstein’s equation (33) simplifies
to

Sap = =207V, iy, (39)

We now use the standard technique of splitting this equation into its com-
ponents parallel and normal to .#, (the surfaces of constant €2) in a manner
similar to the split performed in the ADM-formalism. If this is done, then
the following set of “constraint” and “evolution” equations is obtained. The
constraint equations are

—R - Kg4K®+ K?+2(d-2)Q7'K = 0, (40)
DKy —DyK = 0, (41)
where Da is the derivative operator associated with ﬁab, K’ab = —i}acﬁbdﬁcﬁd

is the extrinsic curvature of the surfaces #o (with respect to the unphysical
metric), and where R,” is the intrinsic Ricci tensor. The evolution equations

14



d%f{ab LRI KRR+ (d— R+ 0 R (42)
d - -
d_Qhab = _thcKac- (43>

By assumption, . is a smooth boundary, implying that the fields Bab, Ko
must be smooth in a neighborhood of .#. Consequently, multiplying the first
evolution equation by 2 and evaluating on .#, we immediately conclude that

d

Kabrf:():d—g

hay | 7. (44)

To investigate more systematically the consequences implied by eqs. (42, 43),
we express them in terms of the traceless part p,° of K,? and use the familiar
technique (see e.g. [37, 20, 38]) of performing the Taylor expansions:

ilab = Z Qj(ilab)jv ﬁab = Z Qj(ﬁab)jv (45>
j=0 Jj=0

where each tensor (hg);, (Pa’); is independent of Q in the sense that the Lie-
derivative along n* vanishes. This yields the following recursion relations:

d=2-5)F"); = (Ra")j—1— ﬁ(ﬁ)j—ldab
- (f()m(ﬁab)y—l—m , (46)
(2d =3 = j)(K); = (R)jm1— Y (K)m(K)jo1-m, (47)
as well as
i)y = =23 | oo+ g PR 89

9The symbols “d/dS2” should be understood geometrically as the Lie derivative along
ne.
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where we remind the reader that these equations hold for the choice (37) of
the conformal factor. The “initial conditions” are, from eq. (44)

(a")o = (K)o =0, (49)

and that (ha)o = —(dt)a(dt)s + o be the metric of the Einstein static
universe. The key point about these equations is that (hg); and (f(ab)l are
uniquely determined in terms of the initial conditions for j <d —1 and [ <
d—2. Therefore, they must be equal to the corresponding quantities for exact
AdS space, i.e., they are entirely “kinematical”. Thus, any quantity that
depends only on (ilab) ; and (K,"); for j and [ in this range, must automatically
be equal to the corresponding quantity in pure AdS space. In particular, since

the Weyl tensor vanishes identically in pure AdS space, it follows that

(Cabcd)j =0 fOIj <d-—3 (50)

in any asymptotically AdS spacetime satisfying the Einstein equations. Fur-
thermore, since hy, for exact AdS space is given by equation (38) it follows
that

2 2
Ry dz®da® = — <1 + %Q2) dt* + (1 — i(ﬁ) do® + O0(Q47 1), (51)
We will use these results later.

Let us now look at the recursion relation (46) for j = d — 2. The left side
of this equation is given by 0- (p,?)4_2, so it does not yield any restriction on
this coefficient'®. The only restriction on this term comes from the constraint
equation, which fixes the divergence of (p,°)4_o With respect to the derivative
operator associated with the boundary metric. It can be seen that, once a
traceless, symmetric tensor (Pa’)a—o with the prescribed divergence is given,
all tensors (pa);, (hap); are uniquely determined for j > d — 1 via the evolu-
tion and constraint equations. Thus, this tensor carries the full information
about the metric g, which is not already supplied by the boundary condi-

tions, i.e., the “non-kinematical” information. The tensor (p,’)4_s is directly

0Note that the the right side of this equation also vanishes, since it vanishes in pure
AdS, and since all the coefficients appearing on the right side at this order are identical to
the ones in pure AdS. This is a non-trivial consistency check for our asymptotic conditions
on the metric.
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related to the leading order electric part of the unphysical Weyl tensor, as
we will now show. .
From the definition of the tensor field S,;, we have

Rapeqd = éabcd + ga[cgd]b - gb[cgd]a . (52)

Einstein’s equation tells us that Sab = QQ‘lf(ab for a conformal factor satisfy-
ing (37). We substitute this relation into eq. (52), then contract the resulting
identity into 7°7¢ and project the remaining free indices with h,°, yielding

ﬁeaﬁfcéebfdﬁbﬁd = ﬁeaﬁfcéebfdﬁbﬁd + Q_lkac . (53)

Now, from the definition of the Riemann tensor and the extrinsic curvature
tensor, we have

heoh? cRoppai®i® = B! P (V V), — Vy V. )iy
LRt RyRO, (54)
Substituting this into eq. (53) yields the equation
éabcdﬁbﬁd = ﬁeaﬁfcéebfdﬁbﬁd = —Kab[%bc + £ﬁkac — Q_lkac. (55)

We can expand this equation in powers of 2, and remember that the Lie
derivative with respect to n is identical to dg for conformal factors satisfying
(37). We thereby obtain equations for the expansion coefficients. At order
d — 3, we find the relation

—(éacbdﬁcﬁd)d—?) - (Kab)d—2 + —7 Z(Kac)m(KbC)d—B—m . (56)

Since, hap is given by eq. (38) for our choice of conformal factor in AdS space,
we know that (hgp)q—1 vanishes in that case (assuming d > 6). Consequently,
(f(ab)d_g also vanishes in that case. Therefore, since the Weyl tensor vanishes
in pure AdS, the sum on the right side of eq. (56) has to vanish in pure
AdS. However, the coefficients appearing in the sum are the same in any
asymptotically AdS spacetime when the conformal frame is chosen such that
boundary metric (hg)q, given by the Einstein static universe. Thus, the sum
must in fact vanish in all such cases. Consequently, we obtain the relation
1 -

m(cacbdﬁc’fld)d_g = (Kab)d—2 when d Z 6 (57)
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for any asymptotically AdS spacetime in the appropriate conformal frame.
The remaining cases d = 4,5 can be treated as follows: In d = 4, the
sum on the right side of eq. (56) reduces to 2(K,e)1 (K)o, which vanishes by
eq. (44). In d = 5, the sum reduces to %(f(ac)l(f(cb)l, which can be expressed
in terms of boundary data by the evolution equation. A direct calculation

using eqs. (46, 47, 48) gives %(f(ac)l(f(cb)l = 1 (hav)o, therefore

1o~ 1 .
§(C’acbdn %)y — é(hab)0 = (Kg)3 for d=5. (58)

Equations (58, 57) give the desired relation between the electric part of the
Weyl tensor at order 972, and (IN(ab)d_2 (and therefore also to (p,%)4_2) for
our choice of conformal factor.

Let us now look at recursion relation (48) for j = d — 1. This can be
written as

~ 2 ~ 2 -
= —— = - p— >
(hab)d—l d 1 (Kab)d—2 d 1 (Eab)O fOI' d 4, d = 6, (59)
where we have used eq. (57) and the definition of E,;, while

- 1 -~ 1 -
(hap)a = _§(Eab)0 + 1—6(hab)07 for d = 5. (60)

Using eq. (51), we find that the unphysical line element can be written in
the form

2 2
ds® = dO? — (1 + 392) dt® + <1 — 392) do?

2

p— QB do'da? + O(QY)  for d > 5, (61)

while
=2 2 Lo 2 Lo 2
2 ~ S
-3 Q*Eyjda'da? + O(QY) ford=4. (62)
In these expressions, x! are coordinates on ., say t and d—2 angles parametriz-
ing S92, and ) has been chosen so that eq. (37) holds. This is the second

key result of our analysis.
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Let us finally derive that the leading order electric part of the Weyl tensor
is divergence free. This can be seen in different ways, for example by combin-
ing eqs. (57, 58) with the constraint equation. Another way is to notice that,
by combining Einstein’s equation and the contracted Bianchi-identities, we

have 5 5
0= VP Coea), (63)

for any choice of the conformal factor. We now contract this equation into
nPn¢ we use that Cupeq = O(Q973), and that

1

d(ﬁcﬁc)gab on f, (64)

Vit =
which follows from Einstein’s equation. From this, one immediately arrives
at the relation D*E,, = 0 at .# (for any choice of the conformal factor).

Let us summarize what we have proved so far in a lemma.

Lemma 3.1: Let (M, gq,) be an asymptotically AdS-spacetime satisfying
Einstein’s equation, with conformal completion (M , Gabs 2). Then the un-
physical (= physical) Weyl tensor C%,q is of order O(Q%?), and the lead-
ing order electric part of the Weyl tensor, E, given by eq. (28), satisfies
D*FE, = 0 on . , for any choice of the conformal factor. If the conformal
factor is chosen as in eq. (37), then the unphysical metric can be expanded
as eqs. (62, 61) near .#.

We are now ready to prove the formula for H,. Consider a metric gq
satisfying our asymptotic AdS condition. We have seen that we may choose
a conformal factor Q such that the unphysical metric d3? takes the form
eqs. (61,62), and so that the physical metric consequently takes the form
ds?> = Q72ds*. We may view eqs. (61,62) as a “gauge condition” on the
metric, i.e., as picking a particular representative in the equivalence class of
metrics that are diffeomorphic to g, In this view, €2 is then a fixed function
on M which is part of the background structure specifying the asymptotic
conditions. The (on-shell) metric variations respecting this gauge choice
(with © now regarded as fixed) therefore take the form

5gab = Yab + £ngab (65)
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where the first piece 7, is a metric variation of the form

92 .

Yab = _ﬁ Qd_léEwab + O(Qd) ) (66)

(for a fixed choice of ), and where the second piece is an infinitesimal

diffeomorphism generated by an arbitrary vector field n® respecting the gauge

choice, i.e., a diffeo satisfying £,ds3 = O(Q2?), where ds? is the line element
of exact AdS-space (6). Thus,

£y = o UL By 1+ O(). (67)
Inserting these expressions into the definition of the symplectic form
w(g, 19, 29), we see that w [ & = 0. Hence, the consistency condition (23)
is satisfied, and we conclude by the general arguments given in the previous
section that H, must exist.
Let us now determine the actual form of He. For this, the variations (67,
66) may be analyzed separately. Let us calculate dQ)¢ and &-0 for the variation
dGab = Yap- We can bring Q)¢ in the form

1 —d= ~bec —d= ~bexs ¢c
(Qf)al...ad,g = ! deal...ad,gbcnbg + 2 deal...ad,gbcgb veg . (68)

—Q —0
(G 167G

We now take a variation of this expression and use the relations 6£* = 0,

Sewn.e = —ﬁgd—laﬁdd fre + O(2%) = O(QY), (69)

5 = gt = + o B, + O() = 0@ (T0)

0(g" V) = =200l E ¢t — QTP EMIngt + O . (71)
This gives

(0Qr a0 2 = gz s B+ () (72)

Using the relation

De=nnlVe=naande (73)
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between the d-dimensional volume form, the induced (d — 1)-dimensional
volume form on the boundary .# and the (d — 2)-dimensional volume form
on (', we can rewrite this as

1 oo .
(5Q§)a1---ad72 = %5l(d 2)6111---(1(1—2 E ducgd:| , On S (74)
A similar calculation with the fact g®dg,. = O(Q%1), 6g°. = O(Q?) gives
0(g,09g =) | # =0. Thus, eq. (27) gives

-1 . .
SHe = | 0Qe = — 6 | Epué@dS. 75
He= [ 00c= 55 0 [ Buie (75)

which is the defining relation for H, (if ¢ is restored).

Since we have established that the integral on the right-hand side is con-
served, it is unchanged by any diffeomorphism which acts on both the metric
Jap and the asymptotic symmetry £*. As a result, the variation of this in-
tegral under 6g, = £,9q (while holding £* fixed) is given by replacing £*
with [n, £]®. On the other hand, it can be verified directly from eq. (67) and
the definition of the symplectic structure (17) that He ) = ox(9; £eg, £4,9).
Thus equation (27) does indeed satisfy the variational condition (19) for such
variations. As a result, we have shown that H, given by eq. (27) is the correct
expression for the Hamiltonian generator.

4 Comparison to other definitions of conserved
quantities

As explained in the previous subsection, our definition of the conserved quan-
tities H, associated with asymptotic symmetries £* agrees with the one pro-
posed by Ashtekar et al. However, there also exist other definitions of con-
served charges associated with asymptotically AdS spacetimes in the litera-
ture. In the following subsections, we investigate the relation between some
of those charges and our definition above.

4.1 The counterterm subtraction method

In the counterterm subtraction method [14, 15, 16, 17, 18, 19, 20, 21, 22, 23],
“charges” Qg associated with asymptotic symmetries {* are constructed from
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an “effective energy momentum tensor”, 7., which is obtained by varying
an auxiliary “effective boundary Lagrangian” (not to be confused with the
Einstein Lagrangian given in eq. (1)). They are defined by

: ansb

Q= Jim, [ mugtitds, (76)
where C' is a sequence of cross sections that is taken to .# within a Cauchy
surface ¥, and where u® is the unit normal to that surface. The charges
Q¢ are quite different, both in appeareance (see below) and conceptually,
from the Hamiltonian charges He, so it is natural to investigate the relation
between the two. A first step in this direction was taken by Ashtekar and
Das [6], who derived an explicit expression for the difference between H, and
Q¢ in terms of the extrinsic curvature of .# in the ambient manifold M. An
explicit evaluation of this expression for pure AdS space shows that H, and
Q, differ, as also remarked in [15, 6]. However, the analysis of [6] left open
the question whether the difference between Q¢ and H, would in general be
depend on the particular asymptotic AdS spacetime under consideration, or
whether that difference would only consist of a constant offset. In addition,
one may ask what algebra the charges Q¢ generate under Poisson bracket.
We will now address these issues.

The actual form of the effective boundary Lagrangian, and of 7,,, depends
on the number of spacetime dimensions, and becomes increasingly compli-
cated for increasing d. To keep our discussion as simple as possible, and
because of the relevance of that case to the AdS/CFT-correspondence, we
restrict attention to the case d = 5 (as is also done in [6]). However, our
arguments could, in principle, be extended to higher dimensions and one
would expect a similar result. A simple independent argument addressing
the algebra generated by the Qg in all dimensions will appear in [35].

Let (M, ga) be an asymptotically AdS spacetime in the sense of our
definition, satisfying the Einstein equations. Let (M , Gab, §2) be its conformal
completion. We denote by % the surfaces of constant €2, so that, when €2
is small, the .#, are timelike surfaces. Let n® be the inward directed unit
normal to .Zo, let hy, the intrinsic metric on % defined by

hab = _ﬁaﬁb + Gab, (77)

let Ky = —ho hy?V. g be the extrinsic curvature, and let Ry, the Ricci
tensor of h,, on Zq.
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The total action for 5-dimensions is given by the Einstein-Hilbert (1) plus
the boundary lagrangian
1

% V—hKd'z — % V—h(3+ ZR) d'z, (78)
where the first term corresponds to the familiar “Gibbons-Hawking” bound-
ary term that may be added to the action of general relativity, while the
second and third term are quantities that are constructed entirely out of the
intrinsic geometry of .#,. The variation of the total action with respect to
the metric hg, provides the effective stress energy tensor

1 1 1
ab — S~ I|F ab — J ha - ha _Ka Kha .
Tab 82 {2 <R b 2'R, b) 3hap b+ b (79)

Let us introduce . .
f = Q_2(1 - ﬁaan)> (80)

where 1% is the inward unit normal to %, with respect to the metric g,
and let us express the Gauss-Codacci equation Cuepan? = —Rap + K Kqp —
K. .K% — (d — 2)hg in terms of the corresponding unphysical quantities by
using Einstein’s equations. Then, using those expressions, one finds

—1 scad 1 T o CTe 1 - 1ocd  [o2N\7T
Tab 167TGCacbdn n - 167TG KKab Ka eb T 2(chK K )hab
— 20 (Ka — Khay) — 302 f2has (81)
= A, (82)

where we remind the reader that tilda quantities refer to the unphysical
spacetime, i.e., hap = Q2hap and K = —h°h%V ilq. From egs. (44, 35) we
know that Kp, | £ = 0 = f | ., implying that Ay, is finite at .#. The
difference between the counterterm charge and the Hamiltonian charge can
immediately be found by integrating eq. (81) over C. It is given by

Q¢ — He = / Aateds, (83)
C

where 4% is the unit normal (normalized with respect to g.) to C' within 7.
This is the expression obtained by Ashtekar and Das [6].
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To understand better the structure of the integrand Aab, one needs to
further use Einstein’s equations. For this, we note that the unphysical metric
can be written as

G = (1 = Q2F) 2V QVQ + hep, (84)

where 7% = V*Q, and hgn® = 0. Using expansion techniques similar to those
in the previous section, one can infer from Einstein’s equations that

3 1/ - 1 .- i
Q_lKab = 5 (Rab — ERhab) + fheyy on &, (85)

Substituting this back into eq. (81), one gets

" 1 /2~ 1. - -
Aab = (gRRab - ZR2hab - RacRcb +

e R R hab> (86)

1
2
on .#, where we note that the terms involving f have cancelled. and where

Q~ab denotes the Einstein tensor on .#. Therefore we find

Ze= Qe —He =
1
647G C

(3RRu ~ (R~ Ry 4 R R ) €443 8T)
where we note that, so far, we have nowhere assumed that ﬁab is the met-
ric of the Einstein static universe!!. Thus, the charge determined by the
counterterm subtraction method disagrees with H,. However, the difference
between the two is just given by a constant offset, which is determined in
terms of the boundary metric hy, and its curvature tensor, and which is hence
independent of the actual asymptotically AdS solution. It can therefore be
evaluated in any asymptotically AdS solution with a given boundary metric
ha, in particular in pure AdS space.

For this reason, the difference Z, has vanishing Poisson bracket with any
observable and, in particular, with the generators H,. Since the generators

"UNote that the trace of the integrand of the right side corresponds to the trace of 745
and is given by 7,% = %(%RabRab — ﬁRz). This corresponds to the “trace-anomaly”

found in [15, 14] in the context of the AdS-CFT correspondence.
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H satisfy the algebra eq. (20) under Poisson brackets, the charges QO satisfy
the algebra

{Q§> Qn} = Q[ﬁ,n] - Z[ﬁ,nb (88)

i.e., a trivial central extension of the O(d — 1,2) algebra. In addition, we
may note that the counter-term energy is consistent with the covariant phase
space methods of [24], which controls only variations of the Hamiltonian on
the space of solutions. )

Let us now use the fact that, on ., we may take hy, to be the metric
of the Einstein static universe, hq, = —t.tp + 0gp (With t* = (9/0t)*). This
metric has the Ricci tensor

ﬁab = 2aab- (89>
Inserting this into eq. (87), we get
1 3 1 -
—He=— —toty + —0ap | €707 dS. 90
O~ e 167TG/C(4 ”+4U”)€“ (50)

Choosing the symmetry to be a time translation, £* = t%, gives

3A;
647G

Qt - Ht == (91)
where As is the area of the unit 3-sphere. In particular, while H; vanishes
in exact AdS space, the charge Q; does not vanish and is given by the right
side of the above equation. In the context of the AdS/CFT correspondence,
the above value of Q; in pure AdS space is interpreted as the Casimir en-
ergy of the CFT. However, our result implies the stronger statement that,
in the above conformal frame, H;, — Q, is given by expression (90) in any
asymptotically AdS spacetime.

We finally note that Qg is conserved for any asymptotic symmetry £¢, in
any asymptotic AdS spacetime, in the sense that it does not depend on the
cross section C chosen to calculate Q¢. This follows from the fact that H,
has this property, and the fact that the integrand %tatb + %Uub on the right
side of eq. (87) is covariantly conserved on .#, and has a vanishing trace'?.

12Note that there is a claim to the opposite on p.13 in [6]; we suspect a calculation error
in this reference.
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4.2 The Henneaux-Teitelboim definition

Henneaux and Teitelboim [7] consider asymptotically AdS boundary condi-
tions on the metric specified by demanding that there exists a coordinate
system a# = (t,r,0") near infinity (with #° coordinates on S¢~2) such that
the line element ds? under consideration can be written as

ds® = ds + Y Yy da'da” (92)

2l

where ds? is the line element of exact AdS space given by eq. (4), and where
it is demanded that

T = O(T_d+3)a (93)
Yrr = O(r_d_l)> (94)
Yer = O(r_d)> (95)
Yro: = O(T_d)v (96>
Yegi = O(r—d+3)’ (97)
Yoigs = O(r~?). (98)
If £ is a Killing vector field of exact AdS-space, then the integrals in
o - [e
)
. 1 bde [ ¢e o e N
+ Cll—{n/ 167TG LGa [5 ueDbfch ’chDb(g ue)] n dS
: 1 anb
+ Cll_{f}m/c(/fab — Kqap)§*N’ dS (99)

converge as C' tends to a cross section at .# within a spatial slice ¥. Here, C*
are the constraints (viewed as (d — 1) forms), 4 is the unit normal to 3, n®
is the unit normal®® to C' within ¥, gup = gap + Ualp is the induced metric on
¥, D, is the associated spatial derivative operator, and kq = —q.°¢?Veilg
is the extrinsic curvature. Moreover,

1
Gabcd = §(Qacqbd + Gad Qe — QqabQCd>- (100>

13Tn other words, 4l*A%! is the binormal to C.
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has been defined. Henneaux and Teitelboim take Q¢ as the definition of the
conserved quantity associated with &% for a spacetime satisfying the asymp-
totic conditions egs. (93—98). These conditions are, in turn, motivated by
the fact (i) that they hold in the familiar examples of black hole spacetimes
in the presence of a cosmological constant, (ii) that they are preserved when
acting with a diffeomorphism 1) that is an exact symmetry of the pure AdS
background, and (iii) that they imply finiteness of the charges Qg, and these
can be shown to form a representation of the asymptotic symmetry algebra
under Poisson brackets.

The asymptotic conditions eqs. (93—98) (including the precise notion of
an asymptotic symmetry), and the expression Q¢ for the charges are different
in appearance from our asymptotic conditions and the charges H,, but we
will now show that they are, in fact equivalent. Starting with the boundary
conditions, assume that (M, g,) satisfies the asymptotic conditions proposed
by Henneaux and Teitelboim. Then, defining e.g. Q = 1/r, we see that
the metric also satisfies our boundary conditions. Conversely, assume that
our boundary conditions hold and that Einstein’s equation is satisfied. The
conformal factor €2 may then be chosen so that the unphysical metric g, =
02g,, has the form given in eqs. (62, 61). We choose coordinates z* as follows:
We define a coordinate r by
Q' -9Q), (101)

r =

N —

and on .#. We choose coordinates (,0%) such that, on .#, the line element of
the metric hyy takes the form —dt?+ " 0;;df'd6?, where o;; are the coordinate
components of the round metric on S 2. A point z in a neighborhood of
# may then be assigned coordinates z* = (¢,r,60') in an arbitrary smooth
manner. Substituting r in terms of 2 in eqgs. (62, 61) then immediately
implies that ds* = Q72ds* can be written as ds3 + Y 7, da*dz”, where the
coordinate components v, have the fall off given in eqgs. (93—98). Thus, our
boundary conditions and the ones considered by Henneaux and Teitelboim
are equivalent.

Let us compare next the respective notions of asymptotic symmetry. Let
gap be an asymptotically AdS metric, written in the form (92) for some choice
of coordinates x*. Henneaux and Teitelboim consider vector fields £* that are
exact symmetries of the underlying background AdS space chosen, implying
that £Lega = LeVap. The components L7, can be checked to satisfy the fall
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off conditions given in eqs. (93—98). Therefore, the 1-parameter group 1
of diffeos generated by £* has the property that if g, is asymptotically AdS,
then so is ¥} g, Consequently, £% is an asymptotic symmetry in our sense.
Conversely, let £€* be a vector field on M that is an asymptotic symmetry in
our sense, let g, the metric of exact AdS space, and let x* be coordinates
such that dsg = > g,,, dz"dz” takes the form (4). Now it is easy to see that,
in a neighborhood of ., one can find a diffeomorphism ¢ leaving .# invariant
such that £% is a Killing field for ¢*gq,. Now let 2/# be the coordinates related
to z* via ¢. It follows that £* is a Killing field of ) (g o ¢) dz'dz™, which
has the form (4). Consequently, £* is an asymptotic symmetry in the sense
of Henneaux and Teitelboim.

Let us finally compare the charges Q¢ to our charges H,. The charges H,
are uniquely determined by the requirement that they satisfy eq. (21) and
that He = 0 in exact AdS space [24]. However, the charges Q, of Henneaux
and Teitelboim are constructed precisely so as to satisfy these conditions
as well [7]. Hence they must agree with our charges. Note that, since the
definition of H, is manifestly “background independent”, this result implies
that the same is true for the charges Q.. even though the latter are not
manifestly background independent, due to the dependence of v, on the
choice of coordinates x# implicit in eq. (92).

4.3 The spinor definition

Another way to define conserved charges associated with energy and mo-
mentum is provided by the spinor method [13, 12, 11]. In this approach, one
makes use of the fact that the asymptotic symmetry group has a spinor repre-
sentation. Consider an asymptotically AdS spacetime (M, g,), and assume
that a spinor bundle, S, and corresponding curved space gamma matrices
Yo satisfying ) = gar can be defined'. Given an asymptotic symmetry
represented by a future directed, timelike or null vector field £%, one can find
an auxiliary spinor field v such that £€* = ¢»y%), up to terms that vanish at
infinity. One then considers the “Nester 2-form”

1 r_ - —
Ba = 5 _ ~ a c “p — ¢ a c P 102
b= groa [V VY (V) a1y (102)

4Here one needs to assume that (M, gq;) admits a spinor bundle, which imposes some
mild restrictions on the topology of M.
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where overline denotes the Dirac conjugate of a spinor field, and where @a
is the operator defined by

Vath = Vatp — w (103)

in terms of the covariant derivative operator on spinor fields. (From now on
we set £ = 1.) The spinor charge is defined by's

Qc = Jim, | Buiti s (101)

where 4% is the unit normal to the Cauchy surface ¥ in which the (d — 2)
surfaces C' are embedded and where n® is the normal to C' within ». In
order for the limit to exist, the spinor field ¢ must be chosen in such a way
that V.1 vanishes sufficiently fast at infinity. Finally, one may prove that ¢
can, in addition, be chosen to satisfy the “Witten condition”, ¢%v,Vy) = 0
on ¥ (with qu given by ga = —Ualp + qap). If this condition is imposed'®
then Q¢ can be brought into a form which is manifestly non-negative, and
which vanishes if and only if the spacetime under consideration is pure AdS.
Therefore, since the future directed, timelike or null asymptotic symmetries
£? correspond to energy-momentum, it follows that the charges Q, give pos-
itive energy-momentum for any asymptotically AdS spacetime, and it shows
that the only spacetime with zero energy is AdS-space itself.

It was shown in [28] that the charge Q agrees with the Ashtekar-Magnon
definition, and hence with H, in d = 4 dimensions. This establishes in
particular that H, is a non-negative quantity whenever £ is a future pointing
timelike or null asymptotic symmetry, and that H, = 0 implies that the
spacetime is (isometric to) pure AdS. We will now show that He = Q¢ also in
higher dimensions, thereby showing that H yields an energy that is positive.

Consider first the case when the metric g, is that of exact AdS space.
Then it can be shown that there exist d linearly independent spinor fields «

15Tn differential forms notation, Q¢ = fc * B.

16Tf ¥ has “inner boundaries” corresponding to horizon cross sections of black holes,
then suitable boundary conditions need to be imposed upon 1 at those inner boundaries
in addition to the conditions upon the asymptotic behavior of ) at infinity. Those may be
taken to be of the form €*®y,v1 | B = 0, where € is the binormal to the horizon cross
section B, see [11].
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satisfying the “Killing spinor equation”
Vea =0 (exact AdS). (105)

The vector field {* = @y®a can then be seen to be a (necessarily timelike or
null) Killing vector field in AdS. The spinor charge Q¢ by definition vanishes
for these symmetries, i.e., the energy-momentum of pure AdS computed with
the spinor charge vanishes, in agreement with the charges H,.

In order to investigate the relation between Q, and H, in general asymp-
totically AdS spacetimes, we pass to a conformal completion (M , Gab, §2) With
corresponding spinor bundle S and gamma matrices YaVb) = Gab- Spinor
quantities (i.e., sections) in S or its tensor products can naturally be iden-
tified with sections in S by putting ¢ = QY2 and 7, = Qy,. With these
identifications, it then follows that

3D = Py, (106)

and it follows that 7, is smooth at .#. The relation between the physical
and unphysical derivative operators on spinors is given by

- 1
Vb = Vb + 59—1(%%# + fig) . (107)

As shown above, it is always possible to write the metric in the form (61, 62)
when Einstein’s equations are satisfied. The first line in these expressions is
the metric d5j = Q?ds§ of pure AdS space multiplied by a conformal factor.
We choose 1) = a, where « is a Killing spinor of pure AdS. Then ¢ = Q24
is smooth at ., and using the fact that v is a Killing spinor for ds?, it can
then be verified that

Qd_5/2’?cEca(’?b77Lb_1)1/?+O(Qd_3/2)-

(108)
It also follows from the fact that v is a Killing spinor for the pure AdS metric,
that

< ) 1 d—5/2% ~ =lcfd] 7
Va'lvb_ 2Q Ve Van E a’lvb Q(d—l)

0 | I =1 | S (109)
Substituting this expression into eq. (108), we get

~ 1 S
Vat = JQ7PRE 4+ 0(Q). (110)
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We now substitute this into the definition of B, we contract the result with
H%0°, we use that Qu® = 4% and Qi = 7% on £, and we use the gamma-

matrlx identity

5[b5

If this is done, one finds

By’ = —%Qd 2(p50) Bt + 0(Q4 ). (112)

We finally integrate this equation over C' and use that dS = 02448, as well
as £ = 1&&“1&. This gives

Q¢ = Clgn Bui'il’dS = = / Eui€® dS = He, (113)

proving the equivalence of Q¢ and H, in d dimensions.

5 Inclusion of matter fields

We now apply the formalism developed in sections 2 and 3 to derive the ex-
plicit formula for H in the case where additional (bosonic) matter fields are
present. The matter fields of most interest are those which appear in the su-
pergravity theories relevant to various AdS/CFT conjectures; i.e., to scalars
and anti-symmetric tensor fields. An overview of the results is presented in
section 5.1, followed by a detailed treatment of the conserved energy in the
presence of such fields using the covariant phase space approach (section 5.2),
the counter-term subtraction approach (section 5.3), and the spinor approach
(section 5.4).

5.1 Overview of results with matter fields

The effect of matter fields on H, is determined by the contributions of such
fields to the Noether charge ()¢ and to the symplectic potential 6. Let us
first discuss the anti-symmetric tensor fields. We restrict to such fields A, 4,
with non-negative mass-squared terms (defined in Appendix B) and with the
standard Maxwell-type kinetic term, noting that all anti-symmetric tensors
in the S® compactification of ten-dimensional type IIB supergravity [39, 40]
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to AdSs and in the S* compactification of eleven-dimensional supergravity
[41] to AdS7 to satisfy this criterion'”. One finds a contribution to Q¢ pro-
portional to xF'(£ - A) (where F' = dA) and a contribution to § proportional
to *F AN JA.

Whether or not these contributions are large enough to affect H, de-
pends on the asymptotic conditions satisfied by the fields. As for the case
of gravitational fluctuations, we defer a detailed treatment of the linearized
equations of anti-symmetric tensor fields to Appendix B. Under the condi-
tions stated above, Appendix B shows that for a field of given mass and given
rank there is a unique boundary condition such that the evolution operator
is self-adjoint in a natural inner product. For such boundary conditions, the
fall-off at inifinity of anti-symmetric tensor fields is too fast to contribute to
H, or to affect the analysis of sections 2 and 3.

Let us therefore examine the case of scalar fields, where the situation is
somewhat more subtle. Consider a scalar field with Lagrange density

Lt = —%ddx\/—_g[vacbvacb + V() (114)

118

where V(¢) is a potential'®. To quadratic order in ¢, it is given by

V(p) =m?¢* +.... (115)

The prefactor in front of L™ is chosen so that Einstein’s equations for

the combined gravity and matter Lagrangian L = L8 4 [matter takes the
standard form R, — %Rgab + Agy, = 871G Ty, where the matter stress energy
tensor is given by

T = Vab¥i6 — 50ulV°OV.0+ V(0)] (116

17 At least, they satisfy this criterion to quadratic order in fields. Under the asymptotic
behavior specified in appendix B, cubic and higher terms vanish too quickly at infinity to
contribute. Such cubic terms arise from Chern-Simons terms as well as from couplings to
scalar fields.

18We assume below that no curvature couplings are present. The standard presentation
of 10- and 11-dimensional supergravity compactified to AdSs and AdS7 is free of such
couplings [39, 40, 41]. In general, one may choose to work in the Einstein conformal frame
and thereby eleiminate any couplings to the Ricci scalar. See, however, [42] for a treatment
of the counter-term subtraction approach in a conformal frame with curvature couplings.
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Either requiring the energy to be bounded below [32] or the dynam-
ics to be self-adjoint [43] restricts m? to satisfy the so-called Breitenlohner-
Friedman bound (BF-bound),

d—1)?
2> —(7. 117
m 2z = (117)
Scalars arising in 10- and 11-dimensional supergravity compactified to AdSs
and AdS; have been explicitly shown [39, 40, 41] to satisfy this bound, though
in the AdS5 case scalars do arise that saturate the bound.

For 0 > m? > —(d — 1)?/4(?, solutions to the linearized equations of

motion have the characteristic fall-off at infinity

6~ QG+ Do, (118)

where ¢_, ¢, are functions on .#, and where

-1 1

When the BF-bound is saturated, the roots AL = A\ are degenerate and
the second solution falls off as Q*log Q. For masses m? > —(d — 1)2/40? +
1, boundedness of the energy [32] or self-adjointness of the evolution [43]
requires the faster fall-off asymptotic behavior given by A, but in the range
—(d — 1)2/42 < m? < —(d — 1)*/40?> + 1 these requirements impose no
restriction. Thus, for such masses any boundary condition compatible with
(118) may be imposed.

However, even in the range —(d—1)?/4¢* < m? < —(d—1)?/4¢*+1 it turns
out that only the most rapidly decreasing asymptotic behavior (associated
with A\, above the BF-bound, and without logs when the bound is saturated)
is compatible with the asymptotic conditions we imposed on the metric in
section 2. As a result, we restrict our attention to this rapidly decreasing
setting below. The reader may consult [44, 45, 46, 47, 48, 49, 50, 51] for
recent work addressing the construction of a conserved energy in settings
with slower fall-off at infinity.

For simplicity, we focus in section (5.2) on scalars which saturate the BF-
bound. We will see that it is marginally compatible with our analysis of the
pure gravitational case. As a result, scalars with faster fall-off decrease too
rapidly at infinity to affect the expression for H,, while slower fall-off would

33



require an extended treatment beyond the scope of the present work. Rather
surprisingly, we will find that in the marginal BF-bound saturating case the
expression (27) for He is unmodified. We will also show in section 5.3 that
even in the presence of such fields the counter-term subtraction definition of
energy in d = 5 continues to differ from H, by exactly expression (90), just

as in the pure gravity case!®.

5.2 Scalar fields saturating the BF-bound and the co-
variant phase space contruction

Let us now consider in detail scalar fields saturating the BF-bound. Under
our rapid fall-off assumption, these scalars satisfy the following asymptotic
condition: In the unphysical spacetime, there is a function ¢q which is
smooth at .# such that -

¢=Q7 ¢ (120)

An immediate consequence of this asymptotic condition is that the stress en-
ergy tensor is of the same order as the electric part of the Weyl tensor at .#.
Therefore, since the latter enters in the expression for H in the pure gravity
case (see eq. (27)), one would now expect there to be an additional contri-
bution to H, involving explicitly the scalar field. Surprisingly, a detailed
analysis using the same algorithm as above in the pure gravity case shows
that such additional contributions are absent, i.e., H¢ is given by the same
formula in terms of the metric as in the pure gravity case.?’ Also remark-
ably, the Hamiltonian charge H; is still conserved in the presence of scalars,
i.e., it does not depend on the cross section C' on which the integral (27)
is evaluated. These results rely on a somewhat subtle cancellation between
various terms, and we therefore now describe the derivation in some detail.
According to the algorithm specified in section 2, we are instructed to
compute the quantities £ - 0(g, dg), and Q)¢ for an asymptotic symmetry £,
and then seek He as a solution to dHe = [,[0Q¢ — & - 6], where C' is a cut

YFor a particular class of black hole solutions [52] in which scalars of the above form are
excited, and for the conformal frame in which (hg)ap is the metric of the Einstein static
universe, it was shown in [47] that the difference between the counter-term subtraction
and Ashtekar et al definitions agrees with this difference evaluated on pure AdS space.
The calculations of [48, 53, 54] also suggest such an agreement.

20Tt would be interesting to investigate whether this continues to be the case under even
weaker asymptotic conditions than those explored here.
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at infinity, where ()¢ is the Noether charge of the theory, and where 0 is
the integrand of the surface term that arises when performing a variation of
L = L& + L™ ynder an integral sign. In the presence of matter fields,
each of these quantities generically consists of a gravitational part Q?rav resp.
£ - 08 given by the same formula as in the pure gravity case (see eqs. (11)),
as well as contributions QF*'* resp. £ - ™" from the matter fields. One
has

1
——(V%g.b — V*g.5) — 66V (121)

9a1---ad71 = €bay...ag_1 167G

where the second term is the new contribution from the matter field. How-
ever, for minimally coupled scalars?! one may show that the Noether charge
is given by the same expression as in the pure gravity case, i.e., Q¢ is given
by eq. (22), with no explicit contributions from the matter field.

In order to find H, we must now analyze in more detail the fall off behavior
of the metric and the scalar field ¢ near .# using Einstein’s equation. In terms
of the unphysical metric g, this now takes the form

Sap = =207 Voity + Q2 Gap (10 — €72) + Ly, (122)

where Sy, is given by eq. (32), and where Ly is the matter contribution given
by

Eab =

i [T ] (123)
To analyze the consequences of Einstein’s equation, we choose, as above, the
conformal factor so that the unphysical metric takes Gaussian normal form,
Gap = VaQVQ + hap, and perform a power series expansion of eq. (122),
putting ¢ = 1 to simplify the notation. Einstein’s equations give recursion
relations for the expansion coefficients (ﬁab) ; of the induced metric ﬁab, the
coefficients of the extrinsic curvature (Ky);, and the expansion coefficients
of the scalar field, ¢ = QU@D/2(¢y + Q¢ + ...), which can be solved in a
manner similar to the pure gravity case in Sec. 3. By an argument completely
analogous to that given in the pure gravity case, one finds that the coefficients

21Adding a curvature coupling L%V = —adlz\/—gR#? to the matter Lagrangian
(114) would, in contrast, generate a correction —2a(£°¢V°¢)epca;. ay_, to the Noether
charge (22). Again, this term is finite for scalars satisfying (120). It vanishes for more
rapidly decreasing fields and in general diverges for those falling off more slowly.

35



(hap); for j < d —1 and (K,%), for | < d — 2 are the same as for the exact
AdS metric, while the coefficients (hab)d 1 and (K %)4_o are related to the
leading order electric Weyl tensor and the leading order coefficient of the
scalar field*?. On the other hand, the higher coefficients ¢1, ¢y, ... and (ha);
for j > d—1 and (K,"), for [ > d—2 are uniquely determined by the recursion
relations and the leadlng order electric Weyl tensor, as well as the leading
scalar coefficient ¢. )

In order to derive the relation between (hap)q—1, oo and the leading order
electric Weyl tensor, one proceeds in the same manner as in the pure gravity
case. The arguments leading up to eq. (55) now result in

- N - -~ 1~ ~ - 1~ -
Coped®?? = £:Kpe — V'K, + KK, — 5Lbdhabhcd - EhacLbdﬁbﬁd (124)

which differs only by an additional matter term involving the matter stress
tensor L,,. From the asymptotic condition on ¢, this has an expansion of
the form

Loy = Q3 (Lap)a—s + Q72 (Lap)a—z + O(Q471), (125)

where
(Ea)as = dr(d—1)G {(bonanb - L 2¢gf}ab] (126)
(Lap)aa = 5716; [Q(d — 1)o@ Viydo — d - ¢0¢1§ab} : (127)

We substitute these expressions into eq. (124), and we expand the resulting
equation in powers of €2, as we did above in the pure gravity case. At each
order in €2, this then gives a relation between the expansion coefficients of
the electric Weyl tensor, the coefficients (ilab)j of the induced metric, the
coefficients of the extrinsic curvature (f(ab)j, and the expansion coefficients
¢; of the scalar field. At order j = d — 1, and in dimensions d = 4,d > 6,
the relation can be brought into the form

N 2 . 47G -
(h'ab)d—l = _H(Eab%] - ﬁ(hab>0¢gv fOI‘ d = 47 d Z 67 (128>

22Tt is important to note here that the recursion relation eq. (46) at order j = d — 2
provides a non-trivial consistency check for the asymptotic condition on the scalar field,
because it says that the right side (supplemented with a term proportional to the trace-free
part of h “hde ) must vanish. This turns out to be the case, since h “hdeab at this
order is a pure trace (see eq. (116)), and because the gravitational contributions cancel as
well.
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where Ey, is the leading order electric Weyl tensor given by eq. (28). In
d = 5, the corresponding relation turns out to be

- 1, - <1+47TG¢3

(hav)a = —=(Eap)o — 6 5

5 ) (hap)o for d =5. (129)

One immediately finds from this that unphysical line element must take the
form??

1.,\°  47GeR 1.,\°  47Ge?
2 2 o2} 0 Hd—1 2 1 o2) 0 Hd—1 2
ds* = dS2 [(1+4Q) d—QQ dt” + (1 49) d—2Q do
2 .
—Q = Fdatda? + O(QY)  for d > 5. (130)

d—1

In d = 4, the corresponding result is
ds® = d0* — (1 + %92 — 271G ¢393) dt* + (1 — %92 — 217G ¢§Q3) do?
2 ~ S
—593 Eyjdx'da’ + O(QY)  for d = 4. (131)

The rest of the analysis is now similar to the pure gravity case. From
the asymptotic form of the metric given above, one finds that the variation
of the Noether charge 0(Q)¢ has exactly the same form as in the pure gravity
case (72), even though the metric feels the backreaction of the scalar field,
as seen in eqgs. (130, 131). The contributions from the scalar field in these
expressions happen to cancel out in 6Q)¢. One furthermore calculates that

56V"6 = (%ﬁbasoaaso i o<sz>) , (132)

and that
1

c b_xgbsc )y — Od
167TG(V dg.. — V70g°) = Q (

S itedn 1 0@) (3

It follows from these expressions that the terms involving the contributions
involving d¢q from the matter field precisely cancel out also in the expression

23Here for simplicity we have as usual assumed that (;Lab)O is the standard metric 4 on
the Einstein Static Universe so that the conformal factor satisfies (37).
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¢ - 0. Consequently, dH, receives no explicit contributions from the matter
field and is therefore given by exactly the same expression as in the pure
gravity case. Thus .
e = 817G Jo
Let us finally show that the hamiltonian charges H, continue to be con-
served in the presence of a scalar field saturating the BF-bound. As in the
pure gravity case, we may use Gauss’ law to express the difference between
the generators defined on two different cuts C4,C5 as the integral over the
enclosed portion %, of scri of the divergence of the integrand E,,&%, see
eq. (30). In the pure gravity case, the divergence was shown to be zero. We
now show that this is still the case in the presence of the scalar field ¢. This
again follows from Einstein’s equation, which in the presence of matter fields
leads to the relation

Eyutee ds. (134)

- Q3_d ~ ~ - -
vd <r30abcd) = _Qz_d[Ld[agb}cnd + v[a(QLb]C>] (135>

for any conformal factor €2. Now contract both sides of the equation into
i7ch®,, and take the limit as Q — 0. On the right side, we get one poten-
tially diverging term coming from (Eab)d_g and one converging term coming
from (Eab)d_g and from @[a(f]bk)d_g. However, the diverging term is seen to
vanish using eq. (126) and taking into account the contractions, while the
contributions to the converging term all happen to cancel each other using
eqs. (126, 127). Thus, the limit of the contraction of the right side as 2 — 0
vanishes. The left side gives D°E,,. Thus, DFE,, = 0 on . , showing that

the charges H¢ are conserved in the presence of the matter field ¢.

5.3 Scalars saturating the BF-bound and the counter-
term subtraction notion of energy

From the results above, it is clear that the covariant phase space definition of
energy continues to agree with the Ashtekar et al definition of energy in the
presence of scalars satisfying the asymptotic condition (118). Furthermore,
since our asymptotic conditions on the metric (from section 2) continue to
hold, the arguments of section 4.2 once again show that the covariant phase
space charge also agrees with the Henneaux-Teitelboim definition.
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Let us now compare this definition with the counter-term subtraction
method. For scalars saturating the BF-bound (and integer steps above this
bound), the counter-term subtraction scheme was analyzed in [20, 21, 22, 23],
but we repeat the analysis of the BF-saturating case here for completeness
and for consistency with our current notation.

For scalars satisfying (118), the scalar field counter-term required to make
the scalar action finite and to yield a well-defined variational principle is given
by e.g. [55, 56, 57, 58], ;

-1

gy (136)

Thus, the combined effective boundary stress-energy tensor is the sum of the
gravitational boundary stress tensor and the stress tensor associated with
the scalar boundary Lagrangian. In d = 5, this is

1 |1 1
Tab = % |:§ <Rab — §Rhab) — 3hab - Kab + Kh'ab - h’ab¢2 (137)

and the counterterm subtraction charge Q; in the full theory is again given
by eq. (76). Let us compare Q¢ with the charge H,, obtained in the covariant
phase space approach. As shown in the previous subsection, the charge H; is
given by exactly the same expression as in the pure gravity case, see eq. (27),
and does not contain any explicit contributions from the scalar field. On the
other hand 7., and hence Q, does contain an explicit contribution from the
scalar field. Thus, one would naively expect that the difference between O,
and ‘H¢ would depend on the boundary value of the scalar field under consid-
eration. However, as we will now show, this is not the case, and the difference
Q¢ — He is given by exactly the same expression as in the pure gravity case,
see eq. (87). This difference is therefore just a constant offset which does not
depend on the particular field configuration under consideration, but only on
&% and “kinematical” data fixed by the asymptotic conditions.

Let .#o be the timelike surfaces of constant €2, let hupy, Raped and Ky =
—ho hy?V g be the induced metric, the intrinsic Riemann tensor, and the
extrinsic curvature, and let n® be the unit normal to .#,. Then, from the
Gauss-Codacci equations and Einstein’s equation, we have

1 1
Rac = Lbdhbahdc + _thac - _hacLbdﬁbﬁd - Cabcd'f]bﬁd + KKac - Kabec - 3hab7

2 2
(138)
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where Ly, = Lgp is the matter contribution given by eq. (123). Now express
the quantities on the right side of this equation in terms of the corresponding
unphysical quantites which are given by hey = Q ?hey, Ko = O 'K, +
O 2hyp, 1% = VO, and substitute the resulting expression for R, into the
definition of 7. Then one obtains

—1 -1

_ o ~ L 1, =~ L
_ aend _ c g2 cd
Tab 167TGCacbd77 n 167TG KKab + Ka ch 2( K -+ chK )hab

+ Ecdﬁcaﬁdb - I/ilab + ilabf/cdﬁcﬁd - ngbgﬁah (139)

where we are assuming for simplicity that €2 has been chosen so that n®n, = 1.
Now, using the expansion (126) of Ly, we see that the matter terms in the
last line precisely cancel (up to order Q3). Contracting the above equation
into £€%a® (with @ the unit timelike normal to a cut C of .#), dividing by 02,
and integrating over C, we therefore find that H¢ — Q, is given by exactly the
same expression as in the pure gravity case, eq. (83). As in the pure gravity
case, this can be brought into the final form (87) using eq. (85) (which does
not receive any additional contributions from the scalar field at the relevant
order).

5.4 ... and the spinor charge

Let us finally compare the covariant phase space charges with the spinor
charge in the presence of a scalar field ¢ with a potential V', saturating the
BF-bound. In the pure gravity case, the relevance of the spinor charge is that
it has a positivity property. As shown in [59, 60], this positivity property
continues to hold in the presence of a single scalar field ¢ if and only if the
potential V' arises from a superpotential W. More precisely, let

P(0) =~ (d = 1)(d—2) + V(0) (140

be the combined scalar field potential and contribution from the cosmological
constant (with ¢ = 1). Then there must be a W such that

87G P = —4(d — 2)(d — 1)W? + 4(d — 2)*(OW/0¢)*. (141)
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The spinor charge is then defined by the same formula as in the pure gravity
case [see eq. (104)], but with the V,-operator now defined by

Vath = Vaih — W (). (142)

The condition that P be given in terms of W by eq. (141), and that V =
—2(d—1)%¢* + ... for a field saturating the BF-bound leads to

1 7nGd-1) ,

W==-+——= ce 143

) ¢° + (143)
Let ¢ be a Killing spinor in exact AdS space (with ¢ = 0), and let £* = 1)y%.
For an asymptotically AdS metric g, and a scalar field ¢ with the asymp-
totic behavior ¢ = QU=D/2¢ satistying Einstein’s equation, the asymptotic
expansion (130) of the metric holds. From this, and from eq. (109), one
obtains

G(d

1 e [1e  mGA—1) 4 ] - )
Vot = 578 = QP25 | S B + ?Q)gbgha[bnc] b+ O(Q43/2).
(144)

Now let u* be the unit future timelike normal to a cross section C' in ..
Substituting the above expression into the definition of the Nester 2-form
Bay, and using eqgs. (143, 142) gives

-1 -~
Q¥ Byitab = G WU+ 0(Q), (145)

where u* = Qu®. Thus, the explicit contribution from the scalar field entering
the spinor charge via eq. (142) is precisely canceled by the indirect contribu-
tion of the scalar field to the metric via Einstein’s equation. Integrating over
C gives that the spinor charge Q. again agrees with the Hamiltonian charge
He given by eq. (134) in the presence of scalar fields. From the positivity of
the spinor charge we therefore find that H, also satisfies the positive energy
theorem, provided the the scalar field potential arises from a superpotential.

6 Perturbation analysis of the asymptotic be-
havior of the gravitational field

In the previous sections, we have worked out the consequences of our asymp-
totic conditions on the metric. The AdS-group is the asymptotic symmetry
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group of these conditions, and we showed that gravitational charges associ-
ated with asymptotic symmetries can be defined in a clear-cut and natural
way, and that the resulting expression agrees with expressions proposed pre-
viously in the literature. While these results lend support®* to our choice of
asymptotic conditions, they are not, of course, a proof that a “generic” met-
ric will satisfy these conditions, i.e., that there is a sufficiently wide class of
solutions satisfying these conditions, nor are they a proof that our asymptotic
conditions are the only possible ones.

Unfortunately, due to the nonlinearities of Einstein’s equations, it is dif-
ficult to analyze this issue in any straightforward manner. Nevertheless, it
is possible to address it in the context of perturbation theory, and we shall
do so in this section. At the level of perturbation theory, the corresponding
question is as follows: Let v, be a solution to the linearized Einstein equation
about exact AdS space. Can one extend the perturbed unphysical metric to
& so as to be smooth (or suitably many times differentiable) there modulo
a gauge transformation £, ¢4, and a change {2 of the conformal factor €2 of
exact AdS space? Thus, given 7,,, we ask whether there is a vector field n*
on pure AdS space, and a function 6 (with 62 = 0 on .#), such that

’?ab = Q2w*(’7ab + varr]b + vbna> + QéQw*gab (146>

is smooth and vanishing at .#, where ¢ is some diffiecomorphism. (Here and
in the remainder of this section, g, is the metric of exact AdS-space, and
V, is the derivative operator in exact AdS space.) Actually, rather than
analyze the perturbed metric, it is much more convenient to analyze instead
the perturbed Weyl tensor, 6Cy.q. This has the triple advantage that the
perturbed Weyl tensor is both gauge invariant and conformally invariant,
and that it is the key quantity of interest in our formula for the (perturbed)
charges of the spacetime. If the Weyl tensor with one upper index §C;.%
is sufficiently smooth on the unphysical spacetime, then by our previous
analysis of the Einstein equations the unphysical metric will be sufficiently
smooth. Consequently, by working with 6Cy.q, We are immediately able to
determine whether a generic metric perturbation gives rise to a space time
for which the charges He can still be defined (to first order).

24Note that a consistency check of the key assumption that the unphysical metric be
smooth (i.e., C°°) was implicit in writing it as a formal power series in € in section 3. The
key point is that the recursion relations fixing the coefficients of this power series can be
solved consistently without the need to, say, include logarithmic terms in the expansion.

42



Using the linearized Einstein’s equations and the Bianchi identities, it
can be shown that the perturbed Weyl tensor off of pure AdS-space satisfies
the following wave equation:

2(d—1)

) §Claped = 0. (147)

To understand the consequences of this wave equation, we consider the field
U = r@=D2Y 260 .0 (VOY ) (VY )t? (148)

where t,r are the standard global time and radial coordinates of AdS, see
eq. (4), t* = (9/0t)*, and where Y = /1 +1r2/2cos(t/l). Thus, at ., ¥
is essentially the trtr-component of the perturbed Weyl tensor multiplied by
a power of r. The other components of the Weyl tensor are addressed in
Appendix A with similar results.

Now make a Fourier decomposition of ¥ into modes with time depen-
dence exp(—iwt/l), and with angular dependence given by a spherical har-
monic on S% 2 with angular momentum quantum number /. As we show in
Appendix A from eq. (147), each such mode obeys the ordinary differential
equation

( 0? +V2—1/4+0'2—1/4

0x? sin? cos? x

) U =V, (149)

where 0 =1+ (d—3)/2, [ =2,3,..., where v = |d — 5|/2, and where a
radial coordinate x has been defined by

£ tan x, (150)

,
so that x = 0 represents points at infinity, while x = 7/2 represents the
origin of polar coordinates r = 0. We note that the equation satisfied by ¥
has exactly the same form as the “master equation” for the metric pertur-
bations off of pure AdS space found in [43], where a detailed analysis of that
equation can be found. The two linearly independent solutions to (149) are
given in terms of hypergeometric functions F' = o F}. Different combinations
of those solutions correspond to different behaviors of ¥, and hence of the
corresponding Weyl tensor component, at infinity £ = 0 and at the interior
point z = /2.
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With the AdS-CF'T correspondence in mind, we restrict attention to so-
lutions that are regular inside the AdS-bulk in the sense that no boundary
terms from the interior region of AdS appear in action integral. This reg-
ularity requires each mode function ¥ to be vanishing and normalizable at
the origin®® x = /2. Using the fact that ¢ > 1, one finds that the solutions
with this property are given by

U oc (sina) T2 (cos ) EE (¢4, 68 1+ o5 cos’ x) | (151)
where fotl4
v+o w
Y = 152
s (152)

In order to see the asymptotic behavior of this solution near infinity x = 0,
it is convenient to transform the argument cos x into sin x using well-known
transformation identities for hypergeometric functions. For the even-d-case,
one obtains

o T+ O)T()
¥ o {cos) /{F( SING2)

)

(sinz) 2 F ( o Gl 1+ vysin® 1) } (153)

c i 2
VU,C_VJ, — v;s8in :E)

(sm ZE') V+1/2F (Cw
(1 4+ 0)T(—v)
I'(¢%,)T(C25)

For the odd-d-case, if w is not a real value such that

w=F2m+14+v+0), m=0,1,2---, (154)
we have
D(1+0)0(r) = (o)t o
U o (cos ) +1/? [ ) ) - (sin o)V HL/2H2k
(cosa)™ | N T Ge) 2 Md—r)e %)

)T+ o) o (Go)k(Gs )k
(¢%,)D(CTs,) &= Ky + k)

—p(k+1) =k +v+ 1)+ 9, + k) + (s + k)} } . (155)

2For this regularity, each mode function W itself need not be smooth at z = 7/2.
Indeed, for d-odd case, each normalizable mode function ¥ fails to be smooth at x = 7/2.
If one considers a timeslice ¥ with a single point removed—as considered in some cases of
interest, e.g., a conical singularity as a particle in AdS—then the singlar solution may be
allowed and come to play some role in AdS-CFT correspondence. Also when some matter
fields and/or black holes exist inside the bulk so that non-linear effects become essential,
the situation may change.

- (sin o)+ {log(sin2 )
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where (¢)r = I'(¢ + k)/T'(¢) and # is the di-gamma function. Note that for
the d = 5 case, v = 0 and the first term on the right-hand side of eq. (155)
should be ignored.

From these expressions, we immediately see that when 0 < v < 1, i.e. in
the cases d =4, 5, 6, ¥ is normalizable at x = 0 for any w € C. In this case,
expanding the above expressions (eq. (153) with v = 1/2 and eq. (155) with
v =0) in sinx, we find that for d = 4, 6,

U = A+ Bsinz + C(sinz)? + ... (156)

and for d =5,
U = (sinz)/?[Alog(sinz) + B][1 + C(sinx)? + - -], (157)
where ‘- - - represents a convergent power series in sinz and the coefficients
A, B, ... depend on the parameters v, o, and w. In particular, the ratio

B/A, which takes an arbitrary real number, specifies all possible boundary
coinditions that can be imposed at x = 0 [43].

In the case when d > 7, the solution V¥ is not normalizable at x = 0 when
w fails to satisfy the “quantization condition” eq. (154). On the other hand,
when the quantization condition is satisfied, then one can determine?® the
asymptotic behavior at x = 0 by directly examining the solution, eq. (151),
instead of using the expressions (153) and (155). In fact, the qunatiza-
tion condition (154) implies ¢/, = —m (or otherwise (¢ = —m), hence

F(Cy e 1 + o cos? ) becomes a polynomial of cosz of order at most

2m. Therefore the asymptotic behavior of ¥ is simply given by the factor
(sinz)’ /2, ie.,

U = (sinz) D21+ Csinz+--] (d>7). (158)

To see explicitly how the behavior of ¥ which we have just found relates
to the behavior of the corresponding Weyl component at .#, we choose the
conformal factor as Q = sinz. Then Q? times the exact AdS metric is smooth
at .#, and
SEpt%" ~ Q@920 a5 Q — 0. (159)
26When eq. (154) holds, either (s or (, ¢ becomes zero or a negative integer, —m,
and hence the first term on the right-hand side of eq. (153) vanishes. In particular, for
veNie,d=17,9,11,...,¢%,, (or (,¥) also is a negative integer, —m — v, hence the
expression, eq. (155), itself becofnes trivi)al and does not make sense.
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The asymptotic formulae eqgs. (156), (157), and (158), translate into the
following asymptotic behavior of the perturbed electric Weyl tensor:

d S Eptoth

4 A+BQ+---

5 (AlogQ+B)(1+CQ+---) (160)
6 AQ '+ B+CQ+ -

> 7 1+CQ% +---

Thus, we arrive at the following conclusion: If we demand normalizability
of the perturbed Weyl tensor in the interior, then in d = 4 and in d > 7,
the perturbed electric Weyl tensor component S E,pt°t? is smooth at .#. This
justifies our boundary condition for asymptotic AdS-spacetime within linear
perturbation analysis in these dimensions. In d = 5, it is smooth if A = 0,
but it is logarithmically divergent if A # 0, while in d = 6, it is smooth if
A =0 and diverges as Q71 if A # 0.

As mentioned above, in d = 4,5,6, the ratio B/A (with +oo allowed)
corresponds to a specific choice of boundary conditions for the wave equa-
tion (147). In d = 4 there is hence a one-parameter family of boundary
conditions giving rise to a smooth perturbed electric Weyl tensor at .#. On
the other hand, in d = 5, 6, there is only one choice (A = 0, essentially
“Dirchlet conditions”) corresponding to a smooth electric Weyl tensor. The
freedom of choosing boundary conditions in the cases d = 4, 5, 6 suggests that
there are other notions of asymptotically AdS spacetimes in those cases, with
consequently different expression for conserved quantities associated with the
asymptotic symmetries. On the other hand, in spacetime dimension d > 7,
the boundary conditions are unique, at least at the level of linear perturba-
tion theory.

Actually, as shown in Appendix A, the other electric-type components
of the perturbed Weyl tensor, such as 8 E,,t*(0/90"), 6 E,,(8/0607)*(d/067),
also have the same asymptotic behavior as S E,t*t?. Furthermore, all other
components are determined from the electric components by the symmetries
of the Weyl tensor, the Bianchi identity, and Einstein’s equation. As a result,
the above discussion of boundary conditions and the linearized regularity
problem of the conformal AdS-infinity .# applies to all types of the Weyl
curvature perturbations.
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7 Summary

In this work we have compared various constructions of conserved charges
(e.g., energy) in asymptotically anti de-Sitter spaces, and also introduced a
new construction following the covariant phase space method of Wald et al.
24, 25]. Our main results are as follows:

e In d > 4 spacetime dimensions the Ashtekar et al definition [5, 6] based
on the electric part of the Weyl tensor agrees with the Hamiltonian
construction due to Henneaux and Teitelboim [7] and with the covariant
phase space definition under suitable asymptotic conditions. These
conditions are stated in detail in section 2.

e This agreement occurs because our asymptotic conditions guarantee
that the expansion of any asymptotically AdS metric near infinity can
be written in the simple form (61,62) in terms of the electric part of
the Weyl tensor.

e In d = 5 the above definitions of conserved charges differ from the
charges defined by the counter-term subtraction method [14, 15]. How-
ever, this difference is a function only of the auxiliary conformal struc-
ture at .# required by the counter-term subtraction method. This
agrees with previous results (e.g., [14, 15, 16, 17, 18, 19, 20, 21, 22, 23])
which evaluated this difference on particular solutions (e.g., Schwarzschild-
AdS). Note that, as a result, the counter-term energy is also consistent
with the covariant phase space methods of [24], which controls only
variations of the Hamiltonian on the space of solutions. Equation (87)
displays the explicit formula giving this difference for a general con-
formal structure. Because this difference is constant over phase space,
it has trivial Poisson bracket; that is, the charges generate the same
Hamiltonian vector fields. The choice to study the d = 5 was made for
simplicity. See [35] for an argument based on the Peierls bracket to the
effect that a similar conclusion must hold in all dimensions.

e A linearized analysis near infinity and consideration of the resulting
back-reaction indicates that our asymptotic conditions are consistent
with the dynamics of the metric, of anti-symmetric tensor fields and
vector fields with m? > 0, and of scalar fields with m? either above or
saturating the Breitenlohner-Friedman bound.
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We should also emphasize those points not investigated here. For exam-
ple, our analysis was confined to cases with spacetime dimension d > 4. The
d = 3 case will require special treatment due to the frequent appearance of
factors of d — 3 in section 3. Furthermore, in d = 3 spacetime dimensions the
Weyl tensor vanishes identically so that the Ashtekar et al definition becomes
trivial, though one would still expect the other constructions to agree in the
manner described above.

One could also weaken the definition of asymtotically anti-de Sitter in
several ways. For example, in the AdS/CFT context it is common to con-
sider spacetime satisfying asymptotic conditions similar to those stated in
section 2, but with hy, on £ not in the equivalence class of the Einstein
static universe. It would be interesting to extend our analysis to this case.

Perhaps the most interesting generalization, however, would be to weaken
the asymptotic conditions at infinity and study cases in which the unphys-
ical metric is less smooth. While a linearized analysis indicates that our
conditions are consistent with the dynamics of various fields, it also indi-
cates that other consistent conditions should exist. The issue is similar to
the use of Dirichlet, Neumann, or another member of the S of consistent
linear boundary conditions for the wave equation on the half-line. However,
an interesting difference here is that some choices of asymptotic behaviors
suggested by the linear analysis allow the fields to grow at infinity so that
the linear approximation breaks down.

Some progress has recently been made in constructing conserved quanti-
ties under such weakened boundary conditions for scalar fields with masses
near the Breitenlohner-Freedman bound [44, 45, 46, 47, 49, 50, 51] using the
Henneaux-Teitelboim construction. However, we note that in d = 4, 5,6 the
linearized analysis suggests that even for the case of pure Einstein-Hilbert
gravity one may be able to define a consistent dynamics (and perhaps con-
served charges) with more general asymptotic conditions. This would be
interesting to explore in future work.

Acknowledgements

We thank Thomas Hertog, Gary Horowitz, Harvey Reall, and Bob Wald
for numerous useful discussions. S.H. and D.M. were supported in part by
NSF grant PHY 0354978 and by funds from the University of California. S.H.

48



was also supported in part by DOE grant DE-FG02-91ER40618. A.I. was
supported in part by JSPS and by NSF grant PHY 00-90138 to the University
of Chicago.

Appendix

A Perturbation equations for the Weyl ten-
sor in pure AdS

In this section, we give a derivation of eq. (149) for the Weyl component
V. In fact, we will also give a derivation of corresponding equations in
static charts other than the global chart used in the main part of the paper,
namely the chart with hyperbolic sections, and the chart with flat sections
(the “horospherical chart”). The latter corresponds to the commonly used
“Poincare coordinates.” Some of the material in this section may be of
interest more generally, so we give some detail.

A.1 Static charts and background quantities

The metric g4 of pure AdS-space can be written as

dr’

dsg = —V?2dt* + 72 + rsz?K) : (161)
where V' = V(r) is given as
2
Vi=K+ 7 (162)

and da(zK) is the metric of a (d—2)-dimensional constant curvature space with
the unit sectional curvature K = +£1, 0. For the global chart K = 1, for the
horospherical chart K = 0, and for the hyperbolic chart K = —1. Note that
the horospherical and hyperbolic charts only cover a portion of AdS space,
and also that the Killing orbits of (0/0t)® are different among different charts.
The domains covered by the above charts naturally have the structure of a
warped product of an auxiliary 2-dimensional AdS space corresponding to
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the r-t directions and the (d — 2)-dimensional constant curvature space with
K = =41, 0, respectively.

To simplify our notation, we denote by (y?,6') = x# the coordinates
adapted to this product structure, i.e.,

2
gapdydy® = —V2dt* + “l/iz , do(yy = 0y;d0"d6’ . (163)

Thus, the uppercase roman letters in the range A, B, ... denote coordinates
of the 2-dimensonal AdS-space and the lowercase roman letters in the range
i, 7, .. denote the angular coordinates 6 of the (d — 2)-dimensional space.

Let D4 and ﬁj be the derivative operators associated, respectively, with
gap and o;;. Then the derivative operator V, associated with g, is decom-
posed using the following formulas for the Christoffel symbols:

D4 . Dar .
FAU = — ” /rgij = —’T’DA’T’O'U, i‘J = TAT(;ZJ', (164)

and ' 5o and Fijk are identical to the coefficients of D4 and ﬁj, respectively.
Consider a function
Y =V (r)cos(VKt/(). (165)
Then the gradient Z, = V,Y satisfies
Y
VaZy = E_anb- (166>

So, Z® is a homothety vector. For later convenience, we list below some
formulas:

1 1

DyDpZc = E—QZAchw ZaZ" = E—Q(Y2 - K), (167)

. 2

Y K (V? Y'\* r

— | ==(=-1 — ) == 1
BY-5() () -5 o
DA 2 74 Y, Zicta

" 2 (V v + Yt ; cla v (169)

. = Y (170)

K A ZsZp 'Y Zatp
=— = —1)tatp+ V=22 42— (171
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where the dot and the prime denote the partial derivatives with respect to
t and r, respectively, and t* = (0/0t)* is the background time translation
Killing vector.

A.2 Weyl curvature perturbations

Let 0Cupeq denote perturbations of Weyl curvature on pure AdS-spacetime.
Using the Bianchi identity and the Einstein equations, we have

o 2d—1
<V Ve + %) 5Cabcd = 07 (172>

V5Cpeq = 0. (173)

We note that 6C\;.q itself is gauge-invariant since the background Weyl cur-
vatures are all vanishing.
Define
Eap = 6CoepaZ 2. (174)

Then, from egs. (172) and (173) and the homothety property of Z¢ one finds
that

62
V€ =0. (176)

(vw&+ﬂd_m)aw=0, (175)

Using the expressions (164) for the Christoffel symbols I'?,, we can decompose
the above equations into the following set of evolution equations for the
components E4p, €4, and &;; and constraint equations among them:

D¢r DCr [ Dar Dgr
D Deéap +(d —2)——Dc€ap — (d —2)— (;?&m+ Bého
2(d — 2 A
<€2 )gAB“‘ﬁgAB
D Dpr - Dur)D
oParpy em oD em o Par)Daten

(177)



(Dar)DCr A 2(d — 2)
DA’I“ DC

—2—D 5m +2— D(S'CA—O

DCr D?r Dr)? A
DD+ (d — 6) i {T + (d — 4)( ) } Ei+ Sw +
DCr (DCr )DAr

—|—2—(D gcj + D gC’z) + 2 gCAgm — 0>

and
DC A’r’ A~
DeE 4+ (d — 2)—8C €% + Dn€™a =0, (180)
~ m 1 B
D, E™; + Td—_zDA(rd 284)=0, (181)

where A = D™D,,.
We denote & = E ptt?, & = Ex4t*. Using formulas listed above (167)-
(171) and the formulas for £, &;, &;; below

EapZP =0, (182)
ZBDeEsp = —E—ngctB (183)
tAP DeEap = Do€ — 2?5 (184)
ZADGEs; = —%5@-, (185)
tADoEaj = Do&; — ff &, (186)

we have evolution equations for &, &;, &;

{DADA+((d—2>DC Zc) L

—4— —— A 1
. 4Y £2Y2+ A}s . (187)

D _z¢ 2 K K 1
[DADA+{(d—4) . —27}170 g—QW—(d—?,)—Jr—A}ej

2Y .
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D¢r

{DADA + (d — 6) -
.

D¢ —2(d — 4)5 + %A} &

. . 2
2y . - 2%

From the constraint equations, we obtain

1 72 Y D¢ Y 1 -
— (—tc+€2? T) De€ + (d—3)=E+ =D™E,, =0, (190)

V2 02 r Y 2
1 7‘2 Y DCT Y 1.
VI (—tc + 62? " ) Doé&j + (d — 3)?51' + ﬁDmgmj = 0(191)

A.3 Master equation

Although the equations for £, &;, &;; obtained above are coupled each other,
utilizing the symmetry of the (d — 2)-dimensional constant curvature space,
we can obtain a set of decoupled equations. To do this, we decompose &; into
a scalar component and a divergence-free vector component with respect to
do?%, and similary, decompose &;; into a scalar, a divergence-free vector, and
a transverse-traceless tensor component with respect to da%{. It is convenient
to introduce harmonic functions Sk, vectors Vy;, and symmetric tensors Ty;;
on 0;;k defined by the eigenvalue equations,

(A+K2)S, =0, (192)
(A+k})Vi; =0, DV’ =0, (193)

Some properties of these tensor harmonics and decomposition theorems are
given in [43, 61]. We then expand &, &;, &; in terms of these harmonics as
follows:

E = sS, (195)
& = ¢sDS+yyVi, (196)

. 1 . .
& = EroyS+Er (Dz'Dj - ﬁA%’) S+ &v DV + ¢rTi; ,(197)
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where here and hereafter we omit the suffix k labeling the eigenvalue of each
mode and the mode summation symbol ), over them. We call (s, ¢s, Er, Er)
the scalar-type components, (1y, &) the vector-type components, and 11 a
tensor-type component of the Weyl perturbations. Note that the tensor-type
component does not exist for d = 4 case.

The expansion coefficients are not independent due to the constraint equa-
tions (190) and (191). First, the tracelessness £%, = 0 implies that &, is
described by g. It follows from eq. (190) that ¢g is described in terms
of (vs, Oybs, Orbs), and from eq. (191) that Er is described in terms of
(95, Ods, Or¢s) and Ey in terms of (Yy, by, 0.1y ). Therefore once we
obtain g, ¥y, and ¥, we in fact obtain all of the components.

Furthermore, since the tensor harmonics T,; have d(d —4)/2 independent
components, the vector harmonics V; have d — 3 independent components,
and the scalar harmonics S have one independent component, one finds the
total number of independent components d(d — 3)/2, which corresponds to
the number of dynamical degrees of freedom for gravitational radiation in d-
dimensional spacetime. Therefore 1g, 1y, and ¥y describe all the dynamical
modes of gravitational perturbations.

Now we derive below a master equation that governs g, ¥y, ¥r, and
hence all dynamical degrees of freedom of gravitational perturbations. We
can express equations (187), (188), (189) as decoupled equations, respec-

tiveIY7 for 1/}57 1/}\/’ q/JT:

8_2_4Xﬁ+ KV2 w
o Yvar TOEyz) Vs

_ V2 a d—2 2a 2 2a V2 2

2 2 2
(a__zYmQKV)W:[Lg(“Wa)

ot? Y ot 2Y? rd—4 or or
/
—21/2§v22 —{(d-3)K +ki} ]w, (199)
0? V20 ([ . .0
@W = {W& <7’d 6\/25) {2(d — 4K + k7.} }wT .(200)

Define master variables g, ¥y, and ¥ by
s = YT UDRYg  y = YV ENRY, g = 02w (201)
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and introduce the following radial function z;

1 @ r VK

T=—= , sothat - =———— 202
L)V ¢ tan(vVKx) (202)

thus x = 0 at infinity. Then, one finds that the three equations for ¥g, Uy,
U are expressed exactly in the same form

0? 0? 1 K 1 1
22y - {__ (:ﬂ——) S S <02__) 7}\1; 203

ot Ox? 4) sin®(VKz) 4) cos?(VKz) (203)
where we have denoted Wg, Wy, and W, universally by W. Here it is under-
stood that sin(v/Kz)/vK = z and cos(vKz) = 1 for K = 0. The second
term of the right-hand side of eq. (203) becomes relevant near infinity (where
x = 0) and the parameter v depends only on the spacetime dimension:

o 1 (d—=4)(d-0)

=X Z\ 204
v 1 1 (204)

Without loss of generality, we take v to be non-negative,

v = |d;5|. (205)

The third term on the right-hand side of eq. (203) stems from to the angular-
momentum. The parameter ¢ depends on the spacetime dimension, the
sectional curvature K of do? and the mode of perturbations,
1 d—2)(d—4
02——:MK+k§(, (206)
4 4
where k% = k% for the scalar-type, k% = k¥ + K for the vector-type, and
k2 = k2 + 2K for the tensor-type perturbation. In particular, for K = 1,
the eigenvalues are k% = [(I +d — 3), k¥ = k% — 1, k% = k% — 2, hence in
this case k% = [(I + d — 3) for all types of perturbations. Therefore, in this
case, one can universaly take
d—3
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Since near infinity Y ~ /¢, the definition eq. (201) and the master
equation (203) imply that in the asymptotic region, all the tensorial types of
perturbations behave in the same way

Vs ~r IR (208)

For concreteness, let us examine the master equation (203) in the various
charts.

The global chart: In this chart, K =1 and the radial coordinates r and z
are related by

rocosx
- = . 209
¢ sinx (209)
The master wave equation (203) becomes
0> VP -1/4 o*—1/4
— U =uwv 210
< 82 T sz | cotw ) v (210)
where the eigenvalue w? satisfies (20°W/0t* = —w?W¥. Note that w can be

an arbitrary complex number if no conditions on the type of solutions are
imposed. Note also that in the K = 1 case, k> = I(l + d — 3) takes on
discrete values, and the same is consequently true for o = [+ (d — 3) /2, with
Il = 2,3, .... The solutions to this equation are given by hypergeometric
functions but the only solution that is regular at the center of (S92, do,)
is given by eq. (151).

Horospherical chart: In this chart, K = 0 and we have

ro1
g 211
E ,Z" ( )
and the wave equation (203) becomes
o A -1/4 5
<_89:2+ o —l—k)\If:w\If, (212)

where w, k are real numbers, i.e., in the K = 0 case k? is in the continuous
spectrum. The solutions to this equation are given in terms of Bessel and

Neumann functions, i.e., ¥ o< C1y/xJ,(Vw? — k2x) 4+ Coy/zN, (Vw? — K2x).
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Hyperbolic chart: In this chart, X = —1 and we have

r  coshzx
= ) 21
¢  sinhz (213)

In this chart, there exists an event horizon with respect to the Killing orbits
of (0/0t)* at x — oco. In particular, if one considers a quotient of the back-
ground AdS-space by a certain discrete subgroup of the hyperbolic isometries
of do?,, the resultant spacetime describes a BTZ-type black hole spacetime.
The wave equation (203) becomes

( 0? V2—1/4+O'2—1/4

0x? sinh? z cosh? r

) U =WV, (214)

The solutions to this equation may be given in terms of hypergeometric func-
tions in an analogous manner to the case (210). In this case, however, o2 —1/4
given by eq. (206) can take a negative value for the higher dimensional case
d > 5, and also x — oo corresponds to the event horizon. Therefore one
might need to consider with more care the regularity of solutions at  — oo.

B Perturbation equations for anti-symmetric
tensor fields in pure AdS

This appendix analyzes the behavior of anti-symmetric tensor fields Ay, . 4,
satisfying equations of motion of the form

VP Py oy = —M*Auy s (215)

where F' = dA and p+ 1 < n. Here we take the fields to propagate in pure
anti-de Sitter space. The kinetic operator on the left-hand side is referred
to as the Maxwell operator in [39, 40, 41]. These references show that the
linearized anti-symmetric tensor fields that arise in reductions of 10- and 11-
dimensional supergravity to AdSs and AdS; satisfy equations of motion of
this type with m? > 0.

It is convenient to take the exterior derivative of (215). In doing so, it is
useful to note the following relation:

V[QV“V;)ACQ___CPH] = V[QV“FbCQ___CpH} = —V[bV“Fclcz,,,cpm. (216)
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Thus one finds

—(p + 2)m2FclcQ,,,cp+1 - _vaVaFclcz...c,hq + (p2+ 1)v[01|vaFa\02---cp+l}
- _vaVaFclcg...c,hq —m (p + 1)Fc1cz---cp+1' (217)

That is,
vavaFclcz...cp+1 - m2Fc102...cp+1- (218)

It is straightforward to work out these equations in detail in the K = 0
static chart of equation (161). Introducing z = 1/r, we find
szé = —2’2(—0152 + O-ijﬁiﬁj)Fél___ép+1
- Z(2p +2 - d)azFél---ép+1 + (p + 1)(p +1- d)Fél---ép+1’(219)

1...Cpt1

where the hats on the indices ¢; indicate that we have chosen ¢; # z. Defining
Fi ey = 2%x with o = (=1+d—2p) /2 and Fourier transforming on .# then
places (219) in the standard form of Bessel’s equation. Thus one finds that
the two indepdendent solutions are Bessel functions whose leading behavior
at small z is 2¥ with

V::t\/mQ—i-d(d:l)—l;p. (220)

Since d > p+ 1 and d > 3, the argument of this square root is bounded
below by m? + 3/2. From (215), we then see that the z-components of F
must fall-off at least as fast.

We now require (in analogy with [43]) that boundary conditions be im-
posed such that the time-translation operator is self-adjoint with respect to
the natural inner product

/; /—gzv—lgaﬂn o gap+1bp+1 Fal...ap+1 Fb1...bp+17 (221)

where ¥ is a Cauchy surface and V2 = 272 is the norm of the time translation
0;. This will be the case if eigenfunctions of 9, satisfying the boundary
condition are normalizable in the inner product (221). Since we are interested
in the case m? > 0, we have |v| > 1 which requires us to choose the positive
branch of (220). In particular, we find v > 1/3/2. As a result, one may show
that the anti-symmetric tensor fields fall off too fast at infinity to contribute
to any expression for the conserved energy.
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