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L. INTRODUCTION

In this paper, we present a simple formula for the
computation of global charges (in particular energy)
in asymptotically constant-curvature spacetimes for gen-
eral gravitational theories. This is of particular interest for
solutions of higher-derivative theories that approach a
constant curvature solution in the asymptotic region.

Our formula is similar to Wald’s formula for entropy
[1-3] in the sense that both formulas involve a derivative
of the Lagrangian of the theory with respect to the
Riemann tensor. The main difference is that the entropy
is computed as an integral over the horizon, while the
energy is computed in the asymptotic region (where we
regard the solution as a perturbation of the background).
Another difference is that Wald’s formula involves
only first derivatives with respect to curvature, whereas
the formula for energy involves second derivatives.
Nevertheless, the two formulas should be related by the
first law of black hole thermodynamics and its integrated
forms, i.e., Komar integrals and the Smarr formula [in
some extended form to higher-derivative gravity and (A)
dS spacetimes; see, e.g., Refs. [4,5]]. Proposals for similar
Wald-like formulas for the shear viscosity were given in
Refs. [6,7].

This approach gives us a new viewpoint on black hole
thermodynamics. Wald’s entropy formula was reinter-
preted as the Bekenstein-Hawking entropy with an effec-
tive gravitational coupling [8] (see also Ref. [9]). This
effective coupling comes from the coefficient of the kinetic
term of a specific type of metric perturbation in the theory.
Equivalently, this specific type of perturbation corresponds
to the propagator for the exchange of a graviton between
two covariantly conserved sources at the horizon, and the
effective coupling comes from this propagator. Thus,
Wald’s formula not only has an advantage in the computa-
tional aspect, but also gives us a microscopic interpretation
of the black hole entropy.
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In a similar way, a Wald-like formula for energy can be
naturally interpreted as giving the effective gravitational
coupling in the asymptotic region, namely, on the back-
ground. This avenue was explored in Ref. [10] for cubic
corrections and in Ref. [11] for Lanczos-Lovelock gravity,
where the effective gravitational coupling was identified as
coming from higher-derivative corrections to the tree-level
scattering amplitude between two background covariantly
conserved sources via the exchange of a graviton. This is
the same effective coupling that appears in the Wald-like
energy formula derived below. This viewpoint, for both
the entropy and energy, gives us two sides of the micro-
scopic interpretation (in terms of corrections to a graviton
exchange amplitude) of higher-derivative corrections to
black hole thermodynamics.

The derivation of the formula is based on the
Abbot-Deser-Tekin (ADT) method for computing energy
[12,13]. We basically reduce their general method to a
single formula which only requires substitution of the
Lagrangian and the background solution. The story of
this method starts with the result of Arnowitt, Deser, and
Misner [14] for energy in Einstein-Hilbert gravity with
asymptotically flat boundary conditions. This was later
generalized to spacetimes with a cosmological constant
in Ref. [15]. These so-called ‘“Abbott-Deser (AD)
charges” were written in a manifestly covariant way and
once again could be expressed as pure surface integrals.
The method used to construct the Abbott-Deser charges
was then further generalized to arbitrary higher-curvature
theories in Refs. [12,13].

As we will see, the ADT method involves relatively
little formalism and is computationally straightforward.
In addition, this method has the advantage of not involving
any explicit regularization or subtraction of infinities, as
required in counterterm methods (see, e.g., Refs. [16,17]).
Unlike Euclidean path integral techniques (e.g., Ref. [18]),
the ADT framework naturally gives the gravitational mass
as an integral at asymptotic infinity, without any need to
identify a horizon in the interior. For perturbations that
vanish sufficiently fast at asymptotic infinity, the ADT
charges are exactly the same as the charges derived using
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the covariant phase space methods of Refs. [19-21], which
in turn differ from the charges of Wald et al. [2,22,23] by a
surface term proportional to the Killing equations.

This paper is organized as follows. In Sec. II, we present
the Wald-like formula for energy and explain how to use
it. We also give the energy of black hole solutions for
two examples: Gauss-Bonnet gravity, and a theory with
six-derivative corrections that was previously studied in
Ref. [24]. We show that the calculation of energy becomes
much shorter and simpler when using the formula. The rest
of the paper is devoted to deriving this formula from the
ADT method. After a short presentation of the ADT
method in Sec. III, we discuss the general structure of the
“effective” stress-energy tensor in higher-derivative
gravity in Sec. [V. We then obtain an explicit formula for
the stress-energy tensor for a flat background in Sec. V.
This expression is generalized to a curved background
in Sec. VI, using the effective quadratic curvature method
[10,11,25-27]. Following Ref. [12], in Sec. VII we com-
plete the computation by deriving the energy from the
general expression of the stress-energy tensor. We con-
clude with a brief discussion of our results and future
directions in Sec. VIII.

II. THE FORMULA FOR ENERGY

Here we present the formula for energy and explain how
to use it. Let us consider a general d-dimensional theory of
gravity whose action depends on the metric g, and the
curvature (through the Riemann tensor)

- f A TTE LRy 800 @1

We will construct the energy for such theories following
the approach of Refs. [12,13,15]. We assume that the
action is invariant under diffeomorphisms. In order to
define a gauge-invariant conserved charge we need the
presence of an asymptotic Killing symmetry. The charge
is then defined relative to a background solution, denoted
as g,,, which admits a Killing vector £ u- We assume that
the background is a homogeneous solution, namely,
described by an “effective” cosmological constant A,
which can be negative, positive, or zero (which is the
asymptotically flat case). In addition, the solutions are
required to fall off sufficiently fast at infinity relative to
the background.'

For a large class of solutions [which includes the asymp-
totically Schwarzschild-(A)dS (SdS) solutions defined

"Here we mean that the perturbation about a solution falls off
fast enough at infinity that the theory is asymptotically linear,
i.e., that the linearized equations of motion are obeyed near
infinity. In this case, the charges of the linearized theory can be
used to obtain the charges of the nonlinear theory. For example,
this condition holds for the case of standard asymptotically AdS
boundary conditions [28].
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below], we can write the energy of a generic higher-
derivative theory in the same form as applies to Einstein-
Hilbert gravity (with a cosmological constant), but with an
overall multiplicative factor that depends on the higher-
curvature terms. This will later serve as a basis for the
interpretation of higher-derivative corrections as effective
modifications of the gravitational coupling constant
(Newton’s constant). The Lagrangian of Einstein-Hilbert
gravity with a cosmological constant is
Lp= L(R —2Ay), (2.2)
2k
where k is the d-dimensional gravitational coupling con-
stant. The ADT energy for solutions of this theory is
denoted by E, and is given explicitly in Eq. (3.6). Then,
the energy for the general Lagrangian (2.1) is
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The complete energy formula for more general boundary
conditions is given in Eq. (7.7).] Here A is the effective
cosmological constant associated with the background
solution g,,,,, which in general is distinct from the “bare”
cosmological constant A, that may appear in the action.
The derivative of the Lagrangian with respect to Rfy is
performed formally, as if Rf; and g up are independent,
and we impose the same tensor symmetries as Rf,. For
example, in the case of Einstein gravity (2.2) we get
oLy 1

— __ _SP So

: 2.6
OREY 2k Y] (26)

The (...); notation indicates that the expression in paren-
theses is to be evaluated on the background spacetime g,

The expressions in Egs. (2.4) and (2.5) are ‘““projection”
tensors that pick out certain coefficients to give the correct
energy. [The subscript (1) will be explained later.] While
the contractions with the projectors might appear compli-
cated, their main use is to formally write the final formula
(2.3). When we take a derivative with respect to the
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Riemann tensor and evaluate on the (homogeneous)
background, we always get an expression of the form

(s5) = wot,
2 3

— , 2.7
ORE? vl @D

where N is some constant coefficient. The projector (2.4)
is defined to give precisely the coefficient N when acting
on Eq. (2.7). Thus, in practice one often simply reads
off the coefficient after computing the derivative on the
background, rather than actually performing the contrac-
tion with P;5.

Similarly, for the second derivative with respect to the
Riemann tensor evaluated on the background, there are in
general three terms,

0> L ) [ 1
——— ) =nN,sketlsr 67 + N8l 888?67

) v 190 Sy Sy % e] 277 T8 “uv]
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+ Nyo Lol slr 58], (2.8)
where N;, N,, N; are constants. When the projector
P(l)ﬁé% acts on Eq. (2.8), it picks out the coefficient Ny,
but again, we can also simply read off this coefficient by
writing the expression for the second derivative in the
above form. For example, if

L = CR,p,sR*P?, 2.9)

then N; = 2C. In other words, the second derivative term
in Eq. (2.3) roughly corresponds to coefficients of terms
with the same type of contractions as in Eq. (2.9).

A typical example of solutions that fall off sufficiently
fast at infinity are asymptotically SdS solutions. The
asymptotic behavior of such solutions is

d-3 d-3
= ()7 = ()
r r

where r is a constant. For these solutions, the energy in the
case of Einstein gravity is given by

_(d = 2)Vol(s4?)

(2.10)

E, i rd=3, (2.11)
and for a general theory we get
(d—2)Vol($972) _ o 0L
E= 2 Vg 3 Png(aR’“”)-
polg
4A(d—3) 0L
d=-Dd=2) <1)3%'ff5 Y8 o phv (2.12)
(d—1)(d—2) IRI5IRES)

Another important example is the energy density of
black branes in AdS. When the asymptotic behavior of
the black brane solution is

A
hrrzrd73+...,

(2.13)
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the energy density of the black brane is

(d—2)A
EO = T

Let us now look at two examples.

(2.14)

A. Example: Energy with a Gauss-Bonnet term

We start with the famous case of Gauss-Bonnet gravity.
This term is topological (a total derivative) in four dimen-
sions and leads to a ghost-free theory in any number of
dimensions. The Lagrangain with the Gauss-Bonnet term
reads

b
Log=Lp+ i(R%”P" —4R%, + RY), (215
and we have
a£GB _ 1 P so po P po
REr ~ 20100 + 202U — b3 RS
+ 2b2R5[pM 8‘1/’]). (2.16)
For a homogeneous background,
_ 4A _ 2A
R = ————— 87 87, RS =—-69,
Kod—-1)(d—-2) vood-2""
2 A (2.17)
d-7
)
0 Lgp 1 d—13
=—1+4Ab,——)8F 87, 2.18
(aR%)g, 2K< 2d—1) WOy (218

and the projection Ph, gives us the coefficient of SE}MS‘V’]:

0L 1 d-3
Phil—=5) ==—(1+4Ab
P (aRz‘o?)g 2K< 2d—1

The second derivative with respect to the Riemann tensor is

). (2.19)

9’ Lgp b, ; )
SRR O 030,85 + 8 llef, o
aRan)RPU K

— 48P selslos0)). (2.20)

Since we only require the coefficient of the first type of

term, namely 8¢ 65]6fy5g], we get

v, uv aZ-EGB
0

b,
=2 2.21)
(Wabpe RZ‘ZaR%)g K

Substituting Eqgs. (2.19) and (2.21) into the formula for the
energy (2.12), we obtain

B 4b,A(d — 4)(d — 3)\ (d — 2)Vol(5972)
E_<1+ (d—2)(d—-1) ) P

d—3
rg .

(2.22)

024032-3



AARON J. AMSEL AND DAN GORBONOS

This agrees with the result in Ref. [13], which was obtained
by a longer calculation.

B. Example: Energy with a six-derivative term

Here we will consider an example with six derivatives of
the metric (cubic curvature),

€1 pur  pa
L, =Lg +ZR“ apRP VR s (2.23)
The ADT energy of this theory was previously given in
Ref. [24], but required a much lengthier calculation. In this
example, the first derivative with respect to the Riemann
tensor gives

oL,

PT pA
aRZ“:;, +3CIR)\5R/.L€V’

(2.24)

— 1 P So
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and substituting the background metric leads to

L, 1 48¢iA?
Py ) =—|1+—F0—5) (@25
g <6Rf,‘g g 2K< (d —1)*(d — 2)? (22

The second derivative with respect to the Riemann tensor
(which in this example is not just a constant) is

_eL,
ORLLORGS 2K

. B B
3c(REESE 57 + RLS 5%, 57).

(2.26)

When we substitute the background metric, the second
derivative becomes proportional only to the first term in
Ref. (2.8),

> L 1 24\
| e G =) 8005
ORYGORLy | 2k (d—1)(d—2) Wy
8
(2.27)

so the coefficient is just Nj, and N, = N5 = 0. Substituting
this and Eq. (2.25) into the energy formula (2.12), we
finally obtain

(- 48(2d — T)c; A*\ (d — 2)Vol($97?) ,
(d—2%d — 1)? 4x o -
(2.28)

which agrees with the result in Ref. [24].

III. THE ADT METHOD

In this section we give a brief review of the ADT
method. The ADT method is similar in spirit to the
Landau-Lifshitz pseudotensor method for calculating
energy [29] in asymptotically flat curved spacetime. In
particular, one proceeds by linearizing the equations of
motion with respect to a background spacetime. This leads
to an effective stress-energy tensor that consists of matter
sources and terms higher-order in the perturbation. This
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tensor turns out to be covariantly conserved and can thus be
used to construct a conserved charge associated with an
isometry of the background.

Let us consider some arbitrary gravitational theory with
equations of motion of the form

®,,(¢g R VR, R% ..) = kT 3.1

uv

where « is the gravitational coupling and 7, is the matter
stress-energy tensor. The symmetric tensor ®,,,,, which is
the analogue of the Einstein tensor, may depend on the
metric, the curvature, derivatives of the curvature, and
various combinations thereof. Assuming that the action is
invariant under diffeomorphisms, we obtain the geometric
identity V#® ,, = 0 (the generalized Bianchi identity) and
the covariant conservation of the stress tensor V#7 wr = 0.

Now, we further assume that there exists a background
solution g,,, to the equations (3.1) with 7, = 0. Then we
decompose the metric as

g/u/ = g,u.l/ + h,uw (32)

where we note that the deviation £, is not necessarily
infinitesimal, but it is required to fall off sufficiently fast at
infinity. Asymptotically SdS spacetimes are a typical ex-
ample meeting this requirement. By expanding the left-
hand side of Eq. (3.1) in %, the equations of motion may
be expressed as

s

(:3, = KTW,

Uy = KT,y — Pl — (3.3)
where (;Sfl?,, denotes all terms in the expansion of ®,,
involving i powers of &, and we have defined the effec-
tive stress-tensor T,,,. It then follows from the Bianchi
identity of the full theory that V# 1), = 0 = VAT,

Suppose that the background spacetime admits a time-
like Killing vector £#, and let 3, be a constant-time hyper-
surface with unit normal n#. Then we can construct a
conserved energy in the standard way:

E = [ di xyfgsn, TH ¢, (3.4)
3

where gy denotes the determinant of the induced metric
on . Because V#(T,,&") = 0, it follows that T, £ =
VY F,, for some antisymmetric tensor F,,. The bulk

integral (3.4) can therefore be rewritten as a surface inte-
gral over the boundary 93:

E= [ axEEnaF 6
a3
where r, is the unit normal to the boundary. For example,

for the Einstein-Hilbert theory (2.2), the explicit expression
for the energy is
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Ey _ﬂ/ A2 x\Zasn,r [E\VER"A — &\ V7 A
L ERT R — EYVRR + hAYE, — WATHE,

+ E'V h#r — ERV, h"A + hVHEEV]. (3.6)
In summary, to apply the ADT method, one linearizes
the equations of motion to obtain the stress-energy tensor,
and then expresses the conserved current 7#” £, as a total
derivative to find the ‘“‘potential” F?“. Note that by
construction, the background spacetime g, has E = 0.

IV. THE GENERAL STRUCTURE
OF THE STRESS TENSOR

In Ref. [12], it was shown that the most general
quadratic curvature theory has a stress tensor that is sche-
matically of the form

, = a1GL, + ayHY) + azHY), 4.1)
where
1_ 2A
fuz = Riv - Eg/.LVRL - mh,u.w (42)
- o = 2A
HY) = (gw,[] — VY, 2g,w)RL, (4.3)
- 2A
HE%;)/ = DG;LLV - mgﬂ"/RL’ (44)
and the «; are constants. Here R/LLV is the linearized Ricci
tensor
RL,=R,,—R,,
1 = v v viAY ViAv
= 5(—E|h,“, -V, V,h +V°Vuh,, + V'V, h,,),
4.5)
and R; is the linearized Ricci scalar
- - - 2A
L= V‘TV“h(m —0h — ml’l (46)

Note that the tensors H;i),, are each divergence free:

VG,

MV’

=VrHY), = VFHY), = 0. (4.7)

It was later found in Ref. [24] that the stress tensor for a
certain cubic curvature theory took exactly the same form
(the only modification was to the values of the coefficients
«;) and it was suggested that this observation might hold
more generally.” In this section, we will argue that this is
indeed the case for any theory of the form (2.1).

The basic idea is as follows. We saw in the previous
section that the ADT stress tensor is given by the linearized

This general claim was also stated in Ref. [10].
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(in h) equations of motion. This means that 7, only
depends on the action to O(h?). Now, expanding the gen-
eral action (2.1) to O(h?) involves expanding the Riemann
tensor, which contains terms of the form V V h. Hence, this
can yield terms of at most four derivatives. This suggests
quite generally that the basic form of the stress tensor does
not change from Eq. (4.1) even if the action contains more
than two powers of the Riemann tensor.> We will show that
there exists a basis of three different components for the
stress-energy tensor [to O(h?) and up to four derivatives],
and that this basis can be chosen to correspond to G s
H 5,},), and H ﬁf,),

To demonstrate this claim in more detail, we first con-
sider the most general O(h?) action with two derivatives:

I, = /ddx(ﬂléph“”ap wv T B20#h"PA,h,,

+ ,838“haAhM + B49*hd ,h). (4.8)
For simplicity we work in the case of a flat background,
&uv = Muy- The generalization to a curved background
will be discussed later. Varying I, with respect to h,,
yields the stress tensor

7= 61,
aB ™ 5haﬂ

+ B3n*Por0rhy, + B30*9Ph+2B,mPh. (4.9)

=2p8,0hr* +2,9,9 @ hP?

If we impose conservation of the stress tensor, we obtain

0=0,T*F=Q2B, + B,)1d,h*F

+(Ba+ B3)9P 0,08 + (B3 +2B,)00Fh,  (4.10)
so equating the coefficients to zero gives
B2 = —2By, Bs =2p, Bs=—pB1. (1D

Substituting these relations into Eq. (4.9) gives T,, =
—48, g,ﬁy It follows that the Lagrangian

1
Lg =3 Q0"1"9,h,, + 0#h,h

— 20#hdrh,, — OPhMYY (4.12)

plu),

yields a conserved stress tensor that is precisely wa (ina
flat background). Note that this is also just the famous
Fierz-Pauli Lagrangian [30].

Now let us repeat the same procedure for the most
general O(h?) action with four derivatives:

3For a flat background, it is clear that no term with more than
two powers of the Riemann tensor can contribute to the O(h?)

part of the action, since RWW = 0.
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I, = fddx(ﬁsaaaﬁh“ﬁayaﬁhﬁ + BeLIhPY 9,0, hs

+ B70h*Paagh + BsOhg, OhPY + BoLOIhIh).
(4.13)
The corresponding stress tensor is

5 = a
T,uv= - 5h1;3v = _(ZIBSaﬂavayaShys + Zﬁﬁmaaa(#hll)
+ B7(03,0,h + 1,,010,0 hF)

+2B30%h,, +2Bym,, 0%h), (4.14)
and imposing d#T,, = 0 gives
B B
Br=—Bs—2Bs  Bs=—7  Bo=Bs+
(4.15)

We see that there are two independently conserved
tensors, and substituting these relations into Eq. (4.14)

gives T,, = —ZBSHE})D +236HEL2,),. It follows that the
Lagrangian

1 - -
Lyn = E(aaaﬁhaﬁayaahya — 20h%B 9,0 gh + OhOh),

(4.16)

yields a conserved stress tensor that is precisely H;},), and
the Lagrangian

1 - -
Ly = —Z(zmhﬁvaaayhg — 20h*R 9,0 gh

— Ohg,OrPY + OnOh), (4.17)

yields a conserved stress tensor that is precisely Hﬁf)y
Thus, we see that, in a flat background, there are at most
two possible conserved combinations of terms with four
derivatives in the Lagrangian.

The above calculation can in principle be repeated for
the case of a curved background spacetime, but it becomes
complicated by the fact that the covariant derivatives no
longer commute. The key point, however, is that commut-
ing two derivatives in a given expression only produces
extra terms of lower differential order. Thus, the expres-
sions for L now must include two-derivative and zero-
derivative terms, but the highest derivative order (four)
terms are the same as in a flat background. Once these
are fixed, the two-derivative and zero-derivative terms are

chosen by requiring that each H L’)V is separately conserved.
A similar argument shows that the unique conserved quan-
tity consisting of two-derivative and zero-derivative terms
is GL,. In other words, the terms with the highest deriva-

tives (four derivatives in Hﬁi)y and two derivatives in gf“,)
are the same for curved and flat backgrounds.

In summary, we have just seen that any O(h?) action
with no more than four derivatives produces a conserved
stress tensor with the same structure as Eq. (4.1).
Combining this with the argument that any theory
L = L(R}s, g,,) expanded to O(h?) cannot have terms
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with more than four derivatives, we conclude that any such
theory also has a stress tensor of the form (4.1).

V. THE GENERAL FORMULA FOR THE STRESS
TENSOR (FLAT BACKGROUND)

In this section we derive an efficient method to extract
the coefficients «; in the stress tensor (4.1) given a
Lagrangian £ = L(R}y, g,,) for a flat background. The
generalization for a curved background will be done in
the next section.

We wish to expand the action ,/=g L to second order in
the perturbation /4. The Lagrangian can be expanded as

5£=(a£)6R,‘§5
g

IRYy
1 2L
| ——=—| SR¥™SR?2, + 0(h®). (5.1)
v B po af . .
2 <6Rﬁ(,aRZB)§
The variation of the Riemann tensor is
8Rp,u,/\v = Rp,u)\v B Rp,u)\v

=V, 8%, —V,8I,  + 61,61, — 8% 812

nA
(5.2)
where
1 _ _ _
SFZV = Eng(ngK + vg,l,LK - VKg,u,V) (5.3)
= wa - h/’KYWK + 0(h?) 5.4
and

1 - _ _
Yaﬁy = E(vahﬂ,}, + Vﬁhay - v,},haﬂ) (55)

By convention, indices of Y, py are raised/lowered with the
background metric or its inverse. Note that each factor
of 8R},; contributes ar least one h,, and two derivatives.

In the remainder of this section we restrict to the case of
a flat background, g, = 7,,. Now, the terms in the action
with two derivatives and two A’s can only arise from
expanding the term with one 6R%,, that is

oL
(i) 7om

Since £ is a function only of g, and R}, it follows that
dL/dRY; evaluated on a homogeneous background can
only be a function of g,,. Furthermore, this quantity has
the same symmetries as the Riemann tensor, so it must take

the general form
aL
IRpo/g

(5.6)

(5.7)
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for some constant N. Formally, this constant can be
expressed as a ‘“‘projection”

N - P%(;R—ﬁgg)g (5.8)
for the projection tensor
wr 256) 501
Poo = dd=1 5.9)

Inserting Eq. (5.7) into Eq. (5.6), we see that we simply
need the expansion of N,/=gR. This is of course just the
Einstein-Hilbert action (up to the overall factor N), whose
expansion is well-known to give the Fierz-Pauli action

(see, e.g., Ref. [31]), NLg.
The O(h?) terms in the action with four derivatives can

only arise from the term
2
J-z Lg SRLFORY, (5.10)
ORbs Ry )

and for this we just need the linear term in 8Rﬁ,‘(’;,

(BRYDE = 0,Y,77 —9,Y,". (5.11)

Now, the second derivative evaluated on a homogeneous
background can only be a function of g,,,,, and this quantity
must have the same index symmetries as the product of two
Riemann tensors. Hence, there can be three independent
contributions

9*L

—s—— | =Noellef 67 + Nk sflar 87
ORYS oRM y 4] [(n™7]

af pPo g
+ Ny 8P sl sl 57) (5.12)
for some constants N;. This is similar to the statement that
there are only three independent curvature invariants
formed from contracting two Riemann tensors. Formally,
these constants can be expressed by acting with projectors

0> L
N; = P(i)g%;;;<7y5 W) ) (5.13)
é)RaBaRp(r 2
where
Suv — , st sv sly sé] 57 6 slu sv]
P(l.)zvﬂ;ju_ alﬁ[aémé‘p 8o + b,‘o‘[aé‘mé‘p S
S SM sv 87
+ ci5[55a]5[05p]. (5.14)
The coefficients are
a; = b2 = (d - 1)3p, (515)
a, = b1 = _(d - 1)]), (516)
az=by=ci=c,=—(d-2)d-1p, (517
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c3=(d>—d+2)d—2)p, (5.18)
with

4
dd® — 1)(d— 1)(d—2)(d*>—2d—2)

p= (5.19)

The next step is to insert Eq. (5.12) into Eq. (5.10) and
use Eq. (5.11). We treat the three contractions separately.

The first is analogous to Rf“,pa and gives

N, 55,,0‘55]5[@5;](5R5;)L(5R3f3 L = 2N|Lyw + 4N, L.
(5.20)

The second contraction is analogous to R? and gives

N85 85180, 87 (SRES (SRL)E = 2NoLyw.  (5.21)

The last contraction is analogous to Rf“, and gives

N385 831517 85 (SR (SRR = NaLyy + NaLpgo.

(5.22)

Thus the relevant part of the expanded action is

N3
(S(\/_gﬁ) = NLG + Nl + N2 + 7 LH(I)
N
+ 2(N1 + f)LHm + e (5.23)
and the corresponding stress tensor is
1
T,,=NGL, + (N1 +N, + 5N3)H§PV
! @)

+ (2N, + ENS H (5.24)

VI. THE GENERAL FORMULA FOR THE STRESS
TENSOR (CURVED BACKGROUND)

The procedure described previously for a flat back-
ground should in principle generalize to a curved back-
ground. The calculation becomes cumbersome, however,
since the covariant derivatives no longer commute. Instead,
we shall adopt a different approach that turns out to be
much more straightforward.

It was argued in Refs. [10,11,25-27] that any higher-
curvature theory which is polynomial in the Riemann
tensor and its contractions can be reduced to an “‘effective
quadratic curvature” action with the same propagator.
Since the propagator also only depends on the action up
to order 2, we can adapt this procedure to determine the
ADT stress-tensor for a general theory.

Consider expanding the Lagrangian of a generic higher-
curvature theory of the form £ = L(R55),
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L= LR+ (%) (RE2 — RA2)
0Ry5/ 3

! (32_£) (REy — REg)(RY — RY) + -+
3 po po)\ap apB )
2\0RSG IR, .

6.1)

Here the dots represent terms which are necessarily of
order h* and therefore are not relevant to the ADT energy.
Next we substitute the general expressions for the deriva-
tives of the Lagrangian with respect to the Riemann tensor
evaluated on the background, which were previously given
in Egs. (5.7) and (5.12). Using Eq. (2.17) and collecting
coefficients of the full Riemann tensor terms, we obtain the
effective quadratic theory

1
chf = ?(R - 2A8ff) + CYR2 + BR%“,
K

+ y(R2,,, — 4R%, + R%). (6.2)
Here we have defined
1 =N_2AdN_ 4A N—2AN
2k d—2"7% d-D)ad-2"" a-2""7
(6.3)
1
CVEE(Nz_Nﬂ, (6.4)
1
B = §(N3 + 4N)), (6.5)
= 1N (6.6)
Y= 2 1> .

and the ‘“bare” cosmological constant for the effective
theory is

_ 2Ad 2A%d?
Aeff - _ RM; _ + N.
0 "(ﬂ o) = N g™
4A%d 24 A2
N, + Ny ) 6.7
@ 270" @2y 3) ©7

Now, the most general quadratic curvature theory has
already been treated in Ref. [13]. The result is that the
stress tensor is

T 1 +4dA + 4A ’8+4(d—3)(d—4)A L
== a
w2k Ta—2" Ta—1" T T@-2d-1 )7
+Qa+ B)HY), + BHD), (6.8)
where wa, Hﬂ,),, and Hgf,), were given in Egs. (4.2), (4.3),

and (4.4). Furthermore, the effective cosmological constant
A is fixed by evaluating the equation of motion on the
background solution:
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[(d —4)(da + B) N (d—3)d~— 4)y]A2 A — AT _

-2y d=1d=2) w°

(6.9)

Substituting the above expressions for &, «, B, y into
Eq. (6.8) yields

. _[N_ 4AN_ 2A N]L
wr d—2"" d-1D@d-2) 17"

1 1
+ [N1 + N, + 5N3]H§}l + [21\11 + §N3]H§EZ.
(6.10)

Note that for A = 0, this agrees with the result of the
previous section.

A. Examples
Let us look at some examples for the formula (6.10) for
the stress-energy tensor. Let us start with the simple theory

— p2
L =R,p0

= RLoR.S. (6.11)
The coefficients N, N; are computed as described previ-
ously by taking derivatives with respect to the Riemann
tensor and evaluating on the background AdS solution. We

find that

oL
N= P"ﬁ(—g) = PI°(2R);
A aR"A']K z A ne’g
4A
= Pﬂ‘o‘(— SAEK — A6« )
Ak (d_l)(d_z)(ns & n)
8A
= 6.12
d—1)d—2) (6.12)
and
4 0> L
N; = P(z)}zﬁgg <W>
af Ak/ g
_ pldneap J K — e, a kSa sB
=P ;’\Ikyﬁ (aRya 2R¢18> = 2P );’K76B5¢558n58,
apf g
(6.13)
so Ny =2, N, = N3 = 0. Using Eq. (6.10), we obtain
8A
Tur = =71 Ghin + 2HY), +4HG),  (6.14)

which matches the result of Ref. [13].
For a more complicated example, consider the six-

derivative theory
L =R+ bR+ by(R},,, — 4R3, + R?) + b3R3,,
+ ¢ RM SR, RV, + c,RMY , RPT, R

T

(6.15)
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whose stress tensor was computed explicitly in Ref. [24].
The results are summarized in the following table:

L N N, N, N,
R 1 0 0 0
R 2d(d — 1k 0 2 0
R, 2(d — 1)k 0 0o 2
R%,LVp(T 4k 2 0
RY,pe —4R%, +R:  2d—3)d-2k 2 2 -8
RM sR*B, R, 1212 2k 0 0
R™ ,,R?7\ R7,, 3(d — 2)k2 3k 0 6k
where
2A
k=—— | 6.16
d-1)d—-2) (6.16)

Substituting the above results into Eq. (6.10) gives

Ty = a1Gh, + ayHYY + asHE,  (6.17)
where
o =
! d—2 (d—2)d—1) d—1
_48(2d — 3)Ac, 36A2c,
(d—272*d—1)* (d—2)(d—-1)*
24AC|
=2, +by+— L
N ) [}
48A A
s = by + —SAC bAcy (6.18)

d—2)d—1) (d—2)d—1)

This reproduces precisely the stress tensor obtained in
Ref. [24].

VII. THE DERIVATION OF THE ENERGY
FORMULA

Given the result (6.10), the final step in the derivation of
the energy formula is to write &, T*” as a total derivative.

E— <N 4A(d — 3)

S d-1)d-2)

w (2w ) [ B €G- £ Gy~ GVE, + Gy

In asymptotically SdS spacetimes [see Eq. (2.10)], the
last two terms in Eq. (7.7) fall off too fast at large r to
contribute and the total energy is given by

4A(d - 3) (d = 2)Vol(§87%) , 5
d—1)(d-2) 1) 2 oo
(7.8)

E=<N—

or in the full explicit form as in Eq. (2.3).
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For this purpose, we follow the steps in Ref. [12]. For the
first term, &,G4”, the result has already been given in
Eq. (3.6). It is straightforward to show that the second
term can be written as

EHVEY =V (EMVR;, + R VHE¥ — E*VER)).
(7.1)

The third term, &,H@#”, is more complicated and turns
out to give an additional contribution of the form &,G7".
To see this, we can rewrite

£,0G;" =V, (£, VG — £V Gy — GIVeE,
+ GIVEE,) + GIDE, + E,V, VG

- GV, VHE, (1.2)
Since £ is a Killing vector, it satisfies
vavﬂgv = RpV;Lagp
w
@@= Bratu " Zaus)  (73)
=z 2A -
Hey = -3¢ (7.4)

Then the last terms of Eq. (7.2) simplify to

P © 2Ad - A -
Mmooy — T mv + “w
gvvav GL (d_z)(d_l)fy L d—_lv RL!
(7.5)
MOE, + €V, VFGE — GV, VHE,
A 4 . 2 -
:d_1<mg’£ fu"'émRL_mGLf”). (7.6)

Using these results, we find that the final form of the
conserved energy is

N S - -
N])ZKEO + (Nl + N2 + f)[ dd_zx‘\,gazn’ury(f’quRL + RLV’“f’/ - EVV'MRL)
a3

(7.7)

VIII. DISCUSSION

In this paper, we have derived a simple formula (2.3) for
the ADT energy of any gravitational theory of the form
L = L(R}5, g,,)- We gave a detailed argument that the
energy of such a theory takes the same basic form as in
quadratic curvature gravity, but with coefficients modified
by the higher-curvature terms. The coefficients are given
by taking derivatives of the Lagrangian with respect to the
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Riemann tensor, and in this sense our energy formula is
reminiscent of Wald’s entropy formula. We have demon-
strated in a number of examples that our formula correctly
reproduces previous results, but with significantly less
computations. For more complicated theories in which
following the full ADT procedure would be unmanageable
in practice, it seems that our formula could still be applied
relatively easily.

We note from the final formula for energy (2.3) that only
N and N, appear, and it would be interesting to understand
why this is the case. We also see that in d = 3, the con-
tribution of the second derivative of the Lagrangian
completely drops out. In the case of three-dimensional
topologically massive gravity (TMG) [32-34], the action
contains a gravitational Chern-Simons term so it is not of
the form £ = L(R}5, g,,)- Indeed, the ADT energy for
TMG has a different structure than Eq. (2.3) [35]. It is also
known that Wald’s entropy formula has to be modified in
TMG, since the Chern-Simons term does not satisfy the
diffeomorphism-covariance requirement in the original
construction (see, e.g., Refs. [36,37]).

Given the final expression for the energy (7.8), it seems
natural to define the effective gravitational coupling as

1 4A(d —
_y- A=

S (d-1)d-2) @1

2 Kefy

Then the energy can be written succinctly in terms of the
Einstein gravity result as

K
E=—E,.
Keff

8.2)
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This is analogous to the way the entropy was written in
Ref. [8] as

A

S = )
4Geff

(8.3)

where A is the black hole area. However, the effective
coupling constant also has an interpretation in the tree-
level scattering amplitude via the exchange of a graviton.
When one looks at a similar process on the background
[10], the effective coupling turns out to be the coefficient of

f“, in the stress-energy tensor:

1 4A 2A

Va2 T na—2™

(8.4)

2Kefy

The two definitions for the effective coupling coincide
for Lanczos-Lovelock gravity, since any Lagrangian
of the Lanczos-Lovelock type can be reduced to a
Gauss-Bonnet quadratic theory [11]. This coincidence
might be related to the fact that higher-derivative theories
which are not of the Lanczos-Lovelock type exhibit ghosts
and other inconsistencies [38,39]. In future work, it would
be interesting to further understand this ambiguity in the
definition of the effective gravitational coupling.
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