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Abstract An off-shell generalization of the Abbott—Deser—
Tekin (ADT) conserved charge was recently proposed by
Kim et al. They achieved this by introducing off-shell
Noether currents and potentials. In this paper, we construct
the crucial off-shell Noether current by the variation of the
Bianchi identity for the expression of EOM, with the help of
the property of Killing vector. Our Noether current, which
contains an additional term that is just one half of the Lie
derivative of a surface term with respect to the Killing vec-
tor, takes a different form in comparison with the one in their
work. Then we employ the generalized formulation to calcu-
late the quasi-local conserved charges for the most general
charged spherically symmetric and the dyonic rotating black
holes with AdS asymptotics in four-dimensional conformal
Weyl gravity, as well as the charged spherically symmetric
black holes in arbitrary dimensional Einstein—Gauss—Bonnet
gravity coupled to Maxwell or nonlinear electrodynamics in
AdS spacetime. Our results confirm those obtained through
other methods in the literature.

1 Introduction

Modified gravity theories that involves higher curvature
terms in the Lagrangian have been extensively investigated,
generally motivated by the intriguing feature that these higher
curvature terms render the gravity theories perturbatively
renormalizable in the quantization process [1]. A very natu-
ral higher-order derivative modification of general relativity
is the fourth-order theories of gravitation, which includes the
well-known theories of Weyl gravity and Einstein—Gauss—
Bonnet gravity. To the former, its Lagrangian contains the
square of the Weyl tensor, so it is invariant under the local
conformal transformation of the metric. The Lagrangian for
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Einstein—Gauss—Bonnet gravity includes up to the term with
quadratic Riemann tensor, which can be thought of as the
higher curvature correction to general relativity in the low
energy limit of heterotic string theory. Due to the salient prop-
erties of the two gravity theories, together with the AdS/CFT
correspondence, a lot of efforts have been made in seek-
ing asymptotically AdS black hole solutions in Weyl grav-
ity [2,3] and Einstein—Gauss—Bonnet gravity [4-8], to pro-
vide various interesting backgrounds of spacetime. Generally
speaking, after obtaining a black hole solution, an important
task is to identify its conserved charges, such as the energy
and the angular momentum.

Till now several approaches have been proposed to com-
pute the conserved charges of asymptotically AdS solu-
tions, such as the so-called counterterm subtraction approach
[9,10] generalized from the Brown—York method [11], the
Ashtekar—-Magnon-Das formalism [12,13], the covariant
phase space approach [14,15], the method [16-19] devel-
oped by Barnich et al. and the Abbott—Deser—Tekin (ADT)
formalism [20-23]. Particularly, the ADT formalism, which
is defined by the Noether potential got through the linearized
perturbation for the expression of EOM in a fixed background
of AdS spacetime, has made some progress on computation
scheme for conserved charges of asymptotically AdS black
holes in fourth-order gravity theories. Since the background
metric is a vacuum solution of the equation of motion (EOM),
the Noether potential in ADT formalism is on-shell. Recently,
in Ref. [24], Kim, Kulkarni and Yi proposed a quasi-local for-
mulation of conserved charges by generalizing the on-shell
Noether potential in the ADT formalism to off-shell level, as
well as Refs. [16—-19] to incorporate a single parameter path
in the space of solutions into their definition. These modifi-
cations make it more operable to evaluate the Noether poten-
tial in terms of the corresponding current. The generalized
formalism for the quasi-local conserved charges provides a
more efficient way to compute the ADT conserved charges
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for covariant theories of gravity, and it has been extended to
the theory of gravity with a gravitational Chern—Simons term
[25] and the gravity theory in the presence of matter fields
[26]. In [27], it was utilized to obtain the mass of the three-
and five-dimensional Lifshitz black holes. To compare with
the original ADT formalism, it is meaningful to employ this
generalized quasi-local formulation to study the conserved
charges in higher-order derivative gravity theories.

In this paper, to provide a deep understanding on the gen-
eralized ADT formalism proposed in [24], we derive the
off-shell Noether current that educes the Noether potential
finally entering into the formulation of conserved charges
from different perspective. Our derivation endows the off-
shell Noether current with a natural connection with its corre-
sponding potential. Then we extend this formalism to inves-
tigate the quasi-local conserved charges of charged (rotating)
black holes with AdS asymptotics in the two typical fourth-
order derivative gravity theories: conformal Weyl gravity and
Einstein—Gauss—Bonnet gravity. The remainder of this paper
goes as follows. In Sect. 2, we give a brief review of the
method in [24]. However, unlike there, we derive the off-shell
Noether current and its corresponding potential through the
variation of the Bianchi identity for the expression of EOM.
Our results are formally different from those in [24]. In Sect.
3, we first present the explicit expressions of the off-shell
Noether potentials in Weyl gravity. Then these quantities are
applied to compute the mass of the most general static black
hole and both the mass and the angular momentum of the
dyonic rotating black hole in four-dimensional Weyl gravity.
In Sect. 4, we calculate the energy of the general charged
spherically symmetric black hole in arbitrary dimensional
Einstein—Gauss—Bonnet gravity, coupled to Maxwell or non-
linear electrodynamics in AdS spacetime. The general for-
malizations of the Noether potentials for Einstein—Gauss—
Bonnet gravity are also given. The last section is for our
conclusions.

2 The generalized ADT formalism

In this section, we shall review the formulation of conserved
charges in [24], which can be thought of as the off-shell exten-
sion of the ADT formalism since both the Noether current
and the potential there were constructed without the require-
ment that the gravitational fields must satisfy the equation
of motion. What is more, another obvious difference from
the ADT formalism is that one parameter path in the solu-
tion space was introduced to present the final definition of the
quasi-local conserved charge in [24]. However, unlike in [24],
where the starting point to derive the off-shell Noether cur-
rent and potential is the variation and diffeomorphism trans-
formation of the action, we shall give a different derivation
of the two quantities by directly varying the Bianchi iden-
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tity and using the property of a Killing vector. We proceed
by considering the Lagrangian of a D-dimensional generally
diffeomorphism covariant gravity theory [14,15],

L=y —gLlguv, R, Ry, Ryuvpo, VR, VRyv, VR pypo s - - -1,
(1)

which includes no other matter fields. The variation of Eq.
(1) generally yields

8L = /—8Eu88"" + /—5g V0" (g; 8g), @

where £,,, is the expression of the equation of motion (EOM),
and O (g; 8g)! is a surface term. To preserve the diffeomor-
phism, &,,, satisfies the Bianchi identity

V,.EMY =0. 3)
Varying the Bianchi identity (3), we get
V. 8EM 48T, EM 48T}, €M =0, 4)

multiplying the above equation by a Killing vector £/, we
further obtain

1
Vi (55"”$u + EMVEM g5 + Eg“véug“ﬂégaﬂ

1 1
—Esﬂsaﬁagaﬂ> + Esgaﬁzggaﬂ =0, (5)

where Lg denotes the Lie derivative with respect to the
Killing vector £*. In order to get Eq. (5), the equation of
the Killing vector, V(,&,) = 0, is used and the variation
of the gravitational field g,,, — guv + dguv is assumed to
preserve the Killing vector, namely, 6# = 0. Obviously,
the component in the bracket of Eq. (5) is just the off-shell
Noether current presented in [24,28]. This makes it possi-
ble to construct the Noether current from Eq. (5). Actually,
combined with the equation

LeS(V—8L) = —/—88gun LeEMY
/=8 VulL:0"(g;88)] =0, (6)

which is the Lie derivative of Eq. (2) in terms of the Killing
vector £/, one can rewrite Eq. (5) as

Vi [55’“& +EMEN g + %SM”SVg“ﬁSgaﬂ
1 1
—ES“E“ﬁSgaﬁ +5L:0%(g: Sg)] =0. @)
Thus, the off-shell Noether current can be defined by
T = BEME, + ERE b+ ZEME 25k

1 1
—Esﬂsaﬁsga,s + 5 L0 (g 5g). 8)

L (; multiplied by \/—g is equal to the surface term ®*(g; 8g) defined
in [24].
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Note that the last term in the above equation, which is one
half of the Lie derivative of the surface term ®*(g; §g) with
respect to the Killing vector £/, is an additional term com-
pared with the Noether current in [24,28]. Of course, it is
feasible to define the off-shell Noether current J# the same
as that of [24,28] in terms of Eq. (7). One only needs to add
aterm —V,, [8(,/—gOH(g; L£8))/v/—g] /2 to the left side
of Eq. (7), together with the result Ls(/—g®"(g; 8g)) —
5(/—g®"(g; L£g)) = 0 given in [14,15]. To see this
clearly, under the diffeomorphism &, the metric g,
transforms as 8g,, = Leguw = 0 and §(/—gL) =
L:(/—gL) = 0, so Eq. (2) becomes V,,0"(g; L¢g) = 0,
whose variation leads to

1

8(V,0"(g; Leg)) =V, [—S(V—g®“(g; ﬁég))} =0.

V=&
Next, we shall derive the off-shell Noether potential

O'\yr» Which is associated with the off-shell Noether cur-
rent J* through the relation

J" = Vy Qspr- €))

To do this, substituting the Lie derivative of the surface term
©r(g; 8g)

L:OF(g; 8g) = —2V,£10" (g 8g) + £V, 0" (g; 69)
(10)

and Eq. (2) into the off-shell current (8), we present the cur-
rent J* in the form

JET" = (Fgﬂ”& + %JTg&“L)
—V/=8 V£ 0" (g: 89). (1)

Following [29] we define another off-shell current J# as

JH=2EME, +EVL =V, K", (12)

where KV is the off-shell Noether potential corresponding
to the current J#, and it is easy to verify that V, J* = 0. We
further cast the current J* into the form

1
Vv _ng = 8\; I:ES(/\/ _ngw) — \/__gE[MGU](g, 8g)i|
= 3y (V=8 Qhpr) - (13)

The above equation yields the important relation between
ADT potential and the off-shell Noether potential K*V,
namely,

1
V=8Q%pr = 78(/=gK"") — J—ge"ev(g; 8g), (14)
or equally,

1 1
Q)b = F8K™ + K" g ogup — 110N (g1 8g). (15)

In comparison with the results in [24], although the off-
shell Noether currents J* and J" obtained by the varia-
tion of the Bianchi identity (3) are formally different from
their corresponding quantities given there, each of them is
correspondingly equal since it can easily be verified that
O (g; Leg) = L:OM(g;8g) = L£&MY = 0 for the gener-
ally diffeomorphism covariant Lagrangian (1). The merit of
our formulation for the Noether current 7* is that it becomes
more natural to get the off-shell Noether potential Q7. In
fact, to finally get the relation between Q'y); and KV, the
condition L¢ (\/—g®"(g; 8g)) — 8(/—8gO"(g; L£g)) =0
related to the symplectic current [14,15] has been used in
[24], but it is not needed in our case. Particularly, when the
background metric satisfies the vacuum equation of motion,
Euv = 0, all the Noether currents and potentials become the
conventional ones in the ADT formalism [20-23].

Finally, one can propose a formulation of the conserved
charge in terms of the integral of the Noether potential (15)
over the boundary of a spatial hypersurface under the con-
ditions that a background metric that is a vacuum solution
of EOM is fixed and the perturbation of the given metric is
taken as the divergence between it and the fixed background
metric, like the ADT method [20-23]. However, Ref. [24]
gave a different definition from Refs. [16-19] to incorpo-
rate a single parameter path characterized by a parameter
s (0 <5 < 1) in the space of solutions. This path interpo-
lates between the given solution and the background solution
through parameterizing a set of free parameters C in the space
for the solutions of EOM as sC. On the basis of the Noether
potential QZVDT in Eq. (14), by integrating the variable s, one
can define the quasi-local conserved charge by

1 1
0= fo ds / 45,0, 0" (g5 5)

1 o
- (D=2) AKHY
167 / St

1 1
—gfo ds/dEWg[“@”](g;s), (16)

where dZ,,, = %ﬁeuvmm-'-u(mmdxm A AdxHD-2)
with €012--(D—1) = ~/—& and

ARM = J=gK" |so1 = V=8K"|

is the finite difference between the given solution and the
background solution, i.e. the two end points of the single
parameter path. Equation (16) might be proposed for the
conserved charge, defined in the interior region or at the
asymptotical infinity, for any covariant gravity theory with
the Lagrangian (1) whenever its integration is well defined.”

2 1t is not always guaranteed that the conserved charge defined by Eq.
(16) is integrable. It has to satisfy some integrability conditions. For
details see [19].

@ Springer
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In the following sections, we shall make use of Eq. (16)
to calculate the mass and angular momenta of charged
static and rotating black holes in Weyl and Einstein—-Gauss—
Bonnet gravities although Eq. (16) is defined in terms of the
Lagrangian for pure gravity, without any matter fields. We
can do this since the terms associated with the gauge fields
fall off fast enough at asymptotic infinity to guarantee that
the integration is finite.

3 Conserved charges of black holes in four-dimensional
Weyl gravity

In this section, we make use of the generalized ADT for-
malism in the previous section to calculate the quasi-local
conserved charges of the most general charged spherically
symmetric black hole and the charged rotating black hole
in four-dimensional Weyl gravity. The Lagrangian for Weyl
gravity takes the form

1 1 1
quziaJ—gC2=§a<R“WUmea—2R“”Rﬂw+§R2>,

a7

where « is a coupling constant, and the Weyl tensor C;,,»
is given by

1
Crvpo =—(guipRopw — gv[pRa]M)+gRgu[ng]v"i'Ruvpa
(18)

in four dimensions. The Weyl tensor has the same symmetry
properties as the Riemann curvature but it is traceless, i.e.
C /;mv = 0. The expression of EOM from the Lagrangian
(17)is

g, =2aBy, = —a@V"V’ + R"?)Crpov. (19)

where B, is just the Bach tensor. By using the properties
for Lie derivative along a Killing vector V,Lg = LV, and
LgRvpo = 0, one can check that Lgé’l% =0.

Now we present some quantities tightly related to our cal-
culation, such as the surface term @';V (g; 8g) and the off-shell
Noether potentials K w, Q’JVV for four-dimensional Weyl
gravity. More general results for higher derivative gravity the-
ories can be found in [24,46]. The surface term @’{V (g;62)
and the potential K are read off as

Ol (g h) = 2aC*P7Vyh,,

1
+20hyo (V[“R“]" + gg”[“V"]R> . (0)

Ky =2aCMP7 Y, &q 21

1
—4ak, (VWR“'“ + 6g“l“v“'R> , (22)

@ Springer

where h,, = 8g,, denotes the variation of the metric and
its indices are lowered or raised by the background metric
guv or ghV. It is easy to verify that @"fv(g; &) = 0 when
huy = Leguy = 0 and £§®lév(g; h) = 0. The off-shell
Noether potentials Q’V‘VV is

1 1
ny o JLV v
oY = 8K} + —hK}' —

5 7 SECHIEN (23)

where  in the second term denotes i = g*f 88qp. For the
explicit expression of § K G,v see Eq. (45) in the appendix.

3.1 The conserved charge of the charged spherically
symmetric black hole

In this subsection, we take into account of the quasi-
local charge of the charged black hole in static case. The
total Lagrangian is Lioa1 = Lw + LEym, Where Lpy =
%a\/—_gF,W F™V is the Lagrangian for the gauge field A, and
the field strength F),, = 29[, A,}. The most general charged
spherically symmetric black hole in this four-dimensional
Weyl gravity theory has the form [2]

dr?

ds?® = — f(de® + —— 4 r2(d6? + sin® 6d¢?),
f(r)
A=-24,
r
b 1,
f(r)=m+—+ar—§Ar, (24)
r

where the four constants (a, b, m, q) are constrained by
3ab + 1 + g> = m?. When a # 0, which is the case we
first consider, we get b = (m?> — 1 — ¢%)/(3a) from the
constraint.

To make use of the formulation (16) to calculate the con-
served charge of the static black hole (24), we choose an
infinitesimal parametrization of a single parameter path in
the solution space by letting the constants (m, ¢) change as

m—m+dm, qg— q+dq. (25)
Under such a parametrization and choice of the Killing vector
&t = (—1,0,0,0), the (¢, r) components of both Noether

potentials, K W and Q') are given by

2asin O[2A(m* — g> — 1) + 3a*(m — 1)]

/[ Ktl‘ —
E%w 9a
1
+O <_) )
r
— v _ @Ba’ +4mA)sinodm  dagAsin6dg
8Qw = 9a 9a
2aq sinfdg
e (26)
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Then the mass of the charged spherically symmetric black
hole (24) can be computed as

1 T
M= _// <lim ./—gQ‘va) o
4 0 r=00
a(Bma® + 2Am?* — 2¢2A)
18a ’

The temperature 7 and the entropy S [30] of the black hole
are

27)

1 1+q¢>—m?>+ 3a2r42_ - 2aAr3_

T 12w ar?

_ 2mafl + g% —m? — (m + 2)ary]
h 3ar+ ’

S

respectively, where r. is the event horizon, given by the equa-
tion f(r4) = 0. Both the electric charge O, and the electric
potential &, are

o, =1,

1
0, = _ga(L s

One can verify that the mass (27) satisfies the first law:
dM =TdS + ¢.dQ.. (28)

The above first law shows that the generalized ADT for-
mulation (16) is applicable to the static black hole in four-
dimensional Weyl gravity. However, in [32], it was claimed
that ADT formalism fails to give a finite result if one trivially
chooses the static AdS metric as the background to calcu-
late the mass of the black hole (24) when a # 0, so the
standard Noether method to the Lagrangian of Weyl gravity
was adapted, namely, they directly used the Noether potential
K ;‘) to define the conserved charge as

A 1

= — dx,, K", 29
Ton ) 4Ky (29)

In fact, due to the disappearance of the (¢, r) component
of the surface term & [/‘@t‘],(g; h) at r = oo, one can only
utilize the Noether potential K RV like Eq. (29), to calculate
the mass of the static black hole, but there exists a divergence
My = M—M = (3a%+42A)/(18a) between the mass M and
the one M got through the definition (29), since the quantity
NETY ¢ |m‘q=0 does not vanish at r = 00. In the uncharged

case, the mass M agrees with the one computed from the
conserved current that consists of the holographic response
functions in [33].

At the end of this subsection, we take into account the
a = 0 case. For convenience, we recast the function f(r) as

2m 1
=,/1 N
fr)y=41+gq T3

Performing the parallel analysis as the case where a # 0,
we obtain the mass M = —2am A /3, which can also be got

through the ADT formalism and the Ashtekar—-Magnon—Das
method [12,13,40].

3.2 Conserved charges of the dyonic rotating black holes

In four-dimensional conformal Weyl gravity with the
Lagrangian Lioa = Lw + L gy, the charged rotating black
hole solution, found in [3], takes the form

A in26 \° p2(r.6
ds? = — ar = 04} 4 )
22(r, ) = A
2 ) 2 2 2
p°(r0), 5, F(f)sin“0 r +a
PR g2 4 BV U gy — d
“TFo T T 2ee \° z ¥

1
A= (r2 + az)(l + r2€2) —2mr + gm(p2 + qz)rz’,
p2(r,0) =r* +a’cos’0, FO)=1—a*t*cos’0,
E=1-d%, (30)

where the constants a,m, p,q denote the mass, angular
momentum, and magnetic and electric charges, respectively.
When m = p = g = 0, the metric (30) becomes the con-
ventional AdS, spacetime, with the negative cosmological
constant A = —3¢%. Comparing this black hole solution with
the conventional four-dimensional Kerr—-Newman-AdS solu-
tion in Einstein-Maxwell gravity, one finds that the last term
related to the magnetic and electric charge parameters (p, q)
in the function A is not the usual combination p? +¢? for the
Kerr—Newman-AdS black hole. Such a difference makes the
solution (30) has some new interesting properties [30,31].
We first calculate the energy and angular momentum of the
black hole (30) in neutral case, namely, p = g = 0. In such
a case, we take an infinitesimal parametrization of a single
parameter path by letting the constants (m, a) fluctuate as
m—m-+dm, a— a-+da.
In addition to the Killing vector %“’}LVM = (—1,0,0,0), the
(t, r) components of the Noether potentials related to the
energy are given by

dam*(3sin?6 + 3E cos? 0 — E) sin6

\/—_gKg/M = =2
1
6aaml*[4 — B — (4 — 3E) cos? 0] sin Oda
vV _thVrVM = 3

[1]

2002[3 — E — 3(1 — E) cos? 0] sin Odm
+ 2

+0<%). 31)

@ Springer
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Utilizing the definition of the quasi-local conserved charge
(16), we obtain the energy of the neutral rotating black hole

2mal?
=2
—d

Myg = (32)

To calculate the angular momentum, the spacelike Killing
vector is chosen as 5{{,1 = (0,0, 0, 1). Thenthe (¢, r) compo-
nents of the Noether potentials related to the angular momen-
tum Jyg are presented by

12amat? sin® 0 1
tr _
vEKw =g *0 (—2)

6amt2(4 — 32) sin® 6da

6aal? sin® Odm 1
+t————+0(=). (33)
& r
and the angular momentum is
2amat?
INR = = = Myrpa. (34)

The mass M y g and the angular momentum Jy g in the neutral
case coincide with the ones presented in [33].

Next, we consider the conserved charges of the general
dyonic rotating black hole (30). The perturbation of the
metric is determined by the change of the free parameters
(a, m, p, q) through
m—>m+dm, a — a+da, p— p+dp, g—q+dg,
and both the timelike and the spacelike Killing vectors are
identical with those in the neutral case. Under these condi-
tions, after a bit computation, we get the energy and angular
momentum

am£2(12 + azp2 + azqz)

Mppr = =
ama(120> + p? + ¢%)
Ipg = Al . (35)

If the parameters (¢, p, q) are rescaled as

the energy Mppr and the angular momentum Jpr agree with
those obtained via the definition (29) in [3], where it is
demonstrated that both the energy and the angular momen-
tum satisfy the first law of thermodynamics. Such a match
arises from that the integral of the quantity £/ @(,3, (g; h) and
NETY ¢ m.a.p.g—0 Vanish at asymptotical infinity for the
dyonic rotating black hole.

@ Springer

4 Conserved charges of black holes
in Einstein—-Gauss—-Bonnet gravity

In this section, we discuss calculations on the conserved
charges of charged spherically symmetric black holes in d-
dimensional (d > 4) Einstein—-Gauss—Bonnet gravity. The
Lagrangian has the form

L) = v/—8&R —2A +aLGp)),
LGB) = R*P° Ryvpo — 4R*™ Ry, + R?, (36)

where the Gauss—Bonnet term L gp) can be interpreted as
a quadratic curvature correction to general relativity and the
negative cosmological constant A isexpressedas A = —(d—
1)(d—2)¢? /2 interms of the radius 1/¢ of the AdS spacetime.
The variation of the Lagrangian (36) yields the expression of
EOM

1
Sl(LGUB) =R — zguuR + Aguy + 2o I:RMM)UR"APU

1
+RR,y —2(RP° Ripvo +RM)LRV)J — ZgMVL(GB)i| .
(37)

Like before, we now derive the surface term and the off-
shell Noether potentials. For convenience, we introduce a

tensor P(’gg)g, defined by

3£(GB)
IR vpo

— gMPgolv | 0y [R;wpa _9 <gM[ﬂRU]V

prvpo

_gV[ﬂRU]M) + Rgu[pgﬂ]v] ) (38)

It is easy to prove that the tensor P*"P° has the following
properties:

Ppwpo = _Pvp.pa = _P;/.va,o = Ppa/w

Pufvpo] =0, Ve PHP7 =0. (39)

With the help of the tensor P#*¥P? , the surface term ®’(‘GB) and
the off-shell Noether potential K élch) for Einstein—Gauss—
Bonnet gravity are presented as

Ofcp) (83 h) = 2P* Vohyp,  Kgy) =2P""7V|pés),

(40)
respectively, while the ADT Noether Qfp, is given by
1 1
W v
Qar) = 39K (Gn) + 5 P""" Viptor
— &l POy by, (41)

where § K g}UB) , the variation of the off-shell Noether potential
K (G is given by Eq. (50) in the appendix.

In the remainder of this section, we utilize the above
Noether potentials and the formulation of the quasi-local
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conserved charge (16) to calculate the energy of the general
charged spherically symmetric black hole in d-dimensional
(d > 4) Einstein—Gauss—Bonnet gravity, coupled to Maxwell
or nonlinear electrodynamics in AdS spacetime. We first con-
sider the case for the coupling of Maxwell electrodynamics.
The metric of the asymptotically AdS black hole takes the
form [4-8]

ds? = —H(r)ds® + . + r2dQ7
H(r) d=2
I gq
A= ———1_dr,
d—3rd=3
2
1-U
Hor)=1+ M
20
4am d—4 ¢2
— P2
U(r) _\/1 — 4al> + g —205d_2r2d_4,
d-3

dQ) , =do; ,+ ) sin®6;y - - sin’ 6y_2d6},
i=1

0<60) <2m, 0<6; <m, 42)

where @ = (d — 3)(d — 4). The total Lagrangian for this
black hole solution is £GB) — §/—8& Fuv F*".

To get the energy of the black hole (42), we take the
same infinitesimal parametrization of a single parameter
path like in Eq. (25). The timelike Killing vector is 553 =
(—=1,0,...,0). Then a bit calculation gives the (¢, ) com-
ponents of the Noether potentials K () and Q¢ as

t @Wd-2 g-1
V8K = —gg g P2 @=DUW)]
X 1+U()+rdU
_ 4 Y
2dr /)’
d —2wi— 4 (V)
tr d—1
_— = —m-—-—-- —d
VROl = R (L D
U2
n (r)dq>, (43)
dq

where w;_» = sinfp sin? O3 --- sind—* 6a—3 sind—3 O4-» is
the square root of the determinant of the line element dQEZ—z'
Note that 4/—gK(‘rGB) and \/—g Qt(rGB) in Eq. (43) still hold
even if U(r) is a more general function related to », m and
q. By utilizing Eq. (16), it is very easy to obtain the energy

(d—=2)Via
————m

44

M) =
where V;_, =27 d%l/ F(%) is the volume of the (d — 2)-
sphere. The mass (44) coincides with the one via ADT
method [22,23] or other methods [34—42]. Such coincidences
should be expected. For the conserved charges obtained
from the formulas defined on basis of Noether theorem and
exact Killing vectors, it was demonstrated that the conserved
charges should take the same forms in [16,43] if the Noether

currents are equivalent,3 namely, they differ by a trivial cur-
rent. In fact, it can be proved that the generalized ADT poten-
tial (14) matches that got from the covariant phase space
approach [14,15]. This means that the Noether potentials
for Weyl gravity and Einstein—-Gauss—Bonnet gravity can be
rederived along the line of [44], which gives an explicit form
of conserved charges for general higher derivative gravity
theory. What is more, the generalized ADT potential (14) is
also equivalent to the one by the method developed by Bar-
nich et al. [16-19] for the theories of general relativity and
(2n 4 1)-dimensional supergravity [26,50].

From Eq. (44), one sees that the gauge field makes no con-
tribution to the energy of the static black hole (42). This is
attributed to that the term with the electric charge parameter
g in function U (r) falls off much faster than the one with
the mass parameter m when r — 00 so that its contribu-
tion to the energy can be neglected. The same situation takes
place for the charged spherically symmetric black hole in d-
dimensional (d > 4) Einstein—Gauss—Bonnet gravity cou-
pled to nonlinear electrodynamics in [45]. The metric of this
black hole can be reexpressed as the same form as Eq. (42)
except for the term associated with the electric field in U (r),
whose contribution to U (r) is smaller than the one from the
mass term. Therefore, the term including the mass parame-
ter still plays a dominant role in determining the energy of
the black hole. By utilizing the formulation of the conserved
charge (16), combined with Eq. (43), we obtain the energy of
the static black hole in the case for the nonlinear coupling of
electrodynamics, the same as that in Eq. (44). It also matches
the energy in [45].

At the end of this section, it is worth mentioning that the
Gauss—Bonnet term L Gp) in the Lagrangian (36) is a surface
term in d = 4 dimensions, namely, it makes no contribution
to the equation of motion. This implies that all the black hole
solutions in four-dimensional Einstein gravity are also the
ones in Einstein—Gauss—Bonnet gravity. We have applied the
generalized ADT formalism (16) to compute the masses and
angular momenta of the four-dimensional Kerr(—AdS) and
Kerr—-Newman black holes corrected by the Gauss—Bonnet
term. However, our results show that this term makes no
corrections to all the conserved charges, compared with their
corresponding ones in Einstein gravity.

5 Conclusions and discussions

In this paper, we have extended the off-shell generalization
of the conventional ADT formalism proposed in [24] to cal-
culate the quasi-local conserved charges for the most general
charged static and the dyonic rotating black holes with AdS

asymptotics in four-dimensional conformal Weyl gravity, as

3 We thank the anonymous referee for pointing this.
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well as the charged spherically symmetric black holes in
higher dimensional Einstein—-Gauss—Bonnet gravity coupled
to Maxwell or nonlinear electrodynamics in AdS spacetime.
Our results confirm those through other methods in the liter-
ature. To do this, we first directly vary the Bianchi identity
(3), together with the help of the property of a Killing vector,
to get the off-shell Noether currents (8) and (12), which are
formally different from the ones in [24]. But they are actually
equal to each other since both the surface term ®(g; L¢g)
and the Lie derivative of the surface term ®*(g; dg) with
respect to the Killing vector £ vanish for the generally dif-
feomorphism gravity theory. The Noether current (8) makes
it natural to derive the corresponding off-shell Noether poten-
tial (15), without a further requirement of the property for the
symplectic current. Next, we present the explicit expressions
of the surface term and Noether potential for Weyl gravity as
the ones in Egs. (20) and (22). Utilizing these quantities, we
obtain the mass (27) of the most general static black hole in
four-dimensional Weyl gravity, as well as the mass and angu-
lar momentum in Eq. (35) for the dyonic rotating black hole,
although a naive application of the original ADT method
fails to give a finite result in the static case. Finally, as the
case of Weyl gravity, we start by deriving the surface term
and the off-shell Noether potential in Eq. (40) for the general
Lagrangian (36) and then utilize them to gain the energy (44)
of the general charged static asymptotically AdS black hole
in higher dimensional Einstein—Gauss—Bonnet gravity cou-
pled to Maxwell or nonlinear electrodynamics. The energy
(44) is independent on the electric parameter due to a fast
fall-off of the term related to electric field.

Weyl gravity and Einstein—Gauss—Bonnet gravity are two
typical fourth-order derivative gravity theories. It has been
proposed that the general fourth-order gravity admits a crit-
ical theory in [47,48]. The application of the ADT for-
malism to the critical theory demonstrates that the mass
and angular momenta of all asymptotically Kerr—AdS and
Schwarzschild—AdS black holes vanish at the critical point
[40,48]. We expect to learn whether the generalized formu-
lation of the ADT charge supports this or not.

Although the formulation (16) for the quasi-local con-
served charge is defined by only taking into account of
the contribution from the pure gravity part, our analysis on
charged black holes implies that it may be applicable to the
black holes with matter fields, if the terms including matter
fields in the given metric fall off fast enough at asymptotic
infinity to ensure that the formulation (16) is convergent. Oth-
erwise the effect of matter fields must be considered [26].
For instance, the formulation (16) fails to give a finite mass
when it is utilized to the charged rotating Godel-type black
hole [49] in five-dimensional minimal supergravity since the
(z, r) component of the Noether potential (14) is divergent at
infinity if the contribution from gauge field is omitted. To get
finite conserved charges for the Godel-type black hole, the

@ Springer

effect of the gauge field has to be incorporated into the defini-
tion like in [50]. What is more, even if the conserved charge
through the expression (16) is well defined in the presence
of matter fields, it is possible for one to omit a finite value*
from the actions of the matter fields. In order to overcome
these, the contribution from the matter fields has to be taken
into account in future work.
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6 Appendix: Variations of the potentials Ky;’ and K ::;B)

In this appendix, we give the explicit expressions for the
variation of the Noether potential K*" in both the Weyl and
the Einstein—Gauss—Bonnet gravity theories. Note that the
Riemann curvature in our conventions is defined through
VoV, = V\Vo, = ng‘w;\, where w, is an arbitrary
vector.
. . . v
For four-dimensional Weyl gravity, Ky, reads

8Ky, = 2a8CHPIV kg
+2aCHYP7 (E*Vpho s — happ Vo &™)

—dahg,E” (V["R”]" + ég”["v”]R>
— 4ok, ( _ hp[“VpR"]“ + vlng gle
+2Rpavluhvlp _ Rp[“V"'h"p _ Rp[uvphv]o
+RALYIIpM éh"[“V”]R - égg[“h”]prR
+ég"[“V”]3R> , (45)

where the variation of the Weyl tensor C#"*? is given by

SCHPo % (5Rgulpg01v — RRMP gl _ Rgulphalv>

) (h[uupRaan _ g[ullpaRﬂ]IV])
+8RHMPY. (46)

4 We have considered the effect from the action L gy = o, /—8gFF"
along the line of [14,15,26]. It makes no contribution to the total con-
served charges of the black holes in this work.
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In the above two equations, § R*"P?, § R*¥ and SR are pre-
sented by

SRMVPO — _hk[uR)LV]PO' _ ZhA[p RAG]MU
_l_v[Ple\hU]lL _ V[Pv\#th]V’ (47)
SR = —2hPURY) 4V, VP
1
—5 (VPV,h"Y + VHVYR), (48)
SR =V, V,hi*" — VPV ,h —h"'R,,. (49)

For Einstein—Gauss—Bonnet gravity, the variation of the
off-shell Noether potential K (“GVB) takes the form

SKH

(GB) = 20P"7V o)

+2 PR (EMV p oy — hifp Ve 1E™)
SPIPT — 0y, [SR;wpa +4 (h[m[pRauv] _ g[m[p(;Rauv])

+8Rg’“[’0g”]u — R (h//«[pgﬂlv + gu[phﬂlv)]

_ <hM[Pg0]V + gM[Phc]V> ) (50)
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