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1 Introduction

Asymptotic symmetry generators in gravity have been known to play important roles in
the AdS/CFT correspondence [1], which should correspond to symmetry generators in the
dual field theory. Especially to realize the infinite dimensional symmetry generators in the
two-dimensional dual conformal field theory(CFT), the asymptotic symmetry generators
corresponding to asymptotic Killing vectors have been constructed in [2] based on the
Hamiltonian formalism. These generators are shown to form a Virasoro algebra with a non-
vanishing central charge and the central charge has been used in various setups to reproduce
the black hole entropy through the Cardy formula [3]. The successful outcomes include
the explanation of the microscopic origin of black hole entropy [4]. Since there have been
much interests in the extension of the AdS/CFT correspondence to the space-time which is
not asymptotically AdS, the methodology to construct asymptotic symmetry generators in
gravity is still important direction to be sought after. One such direction has been the study
on the asymptotic symmetry algebra in the context of the Kerr/CFT correspondence [5].

Among the asymptotic symmetry generators, there are generators or conserved charges
which form a sub-algebra corresponding to the isometry group of the given geometry. Inter-
estingly, it is not so straightforward in gravity to identify even such generators or charges,
and the method to obtain such charges has its own long history [6, 7]. In particular, the con-
cept of quasi-local conserved charges is not yet firmly established and still causes some con-
troversy. To identify conserved charges at the asymptotic infinity, the traditional ADM for-
malism has been extended to space-time with more generic asymptotic geometry by Abbott,



Deser and Tekin(ADT) [8-11]. Compared to other approaches, this ADT formalism has
several merits. First of all, it is manifestly covariant and depends only on the equations of
motion(EOM). Furthermore, it can be applied to a generic higher curvature theory of grav-
ity. There is another covariant approach to conseved charges which is called the covariant
phase space formalism [12-15]. Contrary to the ADT formalism, this approach is based on
the Lagrangian, not the equations of motion. This covariant phase space formalism for con-
served charges has been extended to include the asymptotic symmetry generators [16, 17].

Yet another interesting covariant approach for asymptotic symmetry generators was
constructed by Barnich, Brandt and Compere(BBC) in [18-20], which is based on the,
so-called, variational bi-complex. For the exact Killing vectors, the final expression of the
symmetry generators in the BBC formalism turns out to be the same as the one from the
covariant phase space formalism. In general, the expression of the asymptotic symmetry
generators in this formalism differs from the one from the covariant phase space formalism.
As a result, the central charge in the asymptotic symmetry algebra might be different.
Still, both formalisms give the identical results for the set-ups in [2, 21, 22| and in [5].
However, in the context of the Kerr/CFT correspondence in higher derivative theory of
gravity, the BBC formalism gives the central charge, which, along with Cardy’s formula,
is consistent with the Wald formula for the black hole entropy [23].

Recently, the importance of the identically conserved or off-shell ADT current for a
Killing vector is recognized and its applications are explored in refs. [24-26]. It was shown
that one of the interesting aspects of the off-shell construction is its intimate relationship
with the quasi-local construction. In the end, the ADT formalism for conserved charges
was shown to give the same expression as those from the covariant phase space formalism,
and thus also, those from the BBC formalism. This result naturally leads to the question
on how to extend the ADT formulation to the case of asymptotic symmetry generators.

In this paper we would like to address this issue. We generalize the off-shell ADT
current and potential of the exact Killing vectors to those of the asymptotic Killing vectors.
In section 2, we construct the explicit form of the generalized off-shell ADT current. In
section 3, we give a natural way to obtain the generalized off-shell ADT potential from the
Lagrangian. And then we compare our results with those in [17, 18]. In the final section,
we summarize our results and give some comments on the open issues and on the future

direction.

2 Generalized off-shell conserved currents

In this section we introduce the generalized off-shell ADT current in the spirit of the original
construction of the ADT current [8-11], which is based on the equations of motion(EOM).
After reviewing the off-shell ADT current, we explain the necessity of its extension for
asymptotic Killing vectors in the context of the AdS/CFT correspondence and then present
its generic structure. By using the integration by parts iteratively, we give a prescription to
obtain the generalized off-shell ADT current unambiguously and present its explicit form
depending only on the EOM and the linearized EOM expressions.



2.1 Off-shell currents

We consider a generic theory of gravity with the action

19 = 15 [ @ V=3L00). (21)

For simplicity, we focus on the theory without any matter field in the following. The EOM
of the metric are given by £"(g) = 0, whose Bianchi identity is V,E* = 0.

In the geometry admitting a Killing vector &*, the corresponding on-shell ADT current
is introduced as

T"(g5 &, 0g) = 0EME, (2.2)

where § denotes the variation with respect to the metric. This on-shell current can be
shown to be conserved by using EOM, Bianchi identity and the Killing property of £. As
a result, the anti-symmetric second rank tensor Q* = Q1| which is called the on-shell
ADT potential, is introduced by J# = V,Q"". These on-shell current and potential are
highly involved for a higher curvature/derivative theories of gravity, as their EOM are very
complicated. Instead, the background independent ADT current and potential have been
used for TMG [27] and new massive gravity [28]. It was recognized that this background
independent ADT current has not just computational convenience in some specific theories
but more profound meaning in a generic theory of gravity as the off-shell extension of the
on-shell ADT formulation for conserved charges [25].
The off-shell ADT current for a Killing vector £ can be introduced as

1 1
jXDT(Q ; §,09) = 6EME, + igaﬁégaﬁ EMVE, + gMV5ng £ — §§“5a669a5 . (2.3)

This off-shell current can be shown to be identically conserved by using the Bianchi identity
and the Killing property of the vector £&. One may note that this current reduces to the
on-shell current in eq. (2.2) after using the EOM, £#”(g) = 0. This identical conservation
property allows us to introduce the off-shell ADT potential Q7 for a Killing vector ¢ as

Thpr(9; €69) = VuQUnr(g; € 69) . (2.4)

By using the above off-shell ADT potential and the one-parameter path in the solution
space [25, 29], one can introduce quasi-local conserved charges for the Killing vector ¢ as

1 1
Q) = o [ @5 [ aP =5 Qi larls). (25)

where B may be taken in the interior region not just at the asymptotic infinity of the space-
time. One may note that quasi-local charges are computed, at the end, on the on-shell value
since we have used a one-parameter path in the solution space. As was shown in [24, 25],
these quasi-local charges for the Killing vector associated with a Killing horizon reproduce
the Wald’s entropy formula for black holes and those computed at the asymptotic infinity
coincide with the original ADT charges.

In view of AdS/CFT correspondence, it is desirable to extend this formulation to
the case with asymptotic symmetry generators, which may be realized as the conserved



charges for the asymptotic Killing vectors. Recall that the off-shell ADT current, which is
introduced in eq. (2.3), is conserved for an exact Killing vector but not for an asymptotic
Killing vector. Rather, for an asymptotic Killing vector (, it satisfies

1
a,u(\/ _ngDT) = 6( \% _ggm/)v(ucy) + 5\/_795‘#”',6(59#”
1
— V=0 | VG dgas + £(€70g05)]
1

= 5 [5v=98") £cgu — £c(V=9€) bgag] (2.6)

which shows us that the off-shell ADT current JY . is not conserved for asymptotic Killing
vectors and needs to be extended.

In this paper, we would like to generalize the above off-shell ADT current for a Killing
vector £ to the off-shell current for an asymptotic Killing vector (. By noting that this
generalized off-shell ADT current should depend linearly on the vector ¢ and reduce to
the off-shell ADT current JY%,, when ¢ is taken as a Killing vector, one may take the
generalized off-shell ADT current J% ., without loss of generality, in the form of

JH D (C) = MGt MPOP L Gog+V o (MR £g05) 4V, Vo (MP17208 £ og ) (2.7)
+ Vu, Vi, Vo, (M'uyly2y3a/8£<gocﬁ) + V- Vo, (MHVl"'Vn £C9aﬁ) ’

where £ denotes the Lie derivative along ¢ direction. MH*” vvvafg are taken such that
they satisfy the following properties

MM ¢, = jﬁDT(C)v MHvLvEal MN(Vl"'Vk)OC/B’ (2.8)

where the round parenthesis denotes the total symmmetrization with a normalization factor
1/k!. One can always take these forms of M’s and J/} . by using the fact that any
commutator of V’s can be replaced by the Riemann tensor. The identical conservation of
J' o leads to severe constraints on the form of M’s. Rather than solving these constraints
directly, we will take a different methodology and propose a way to obtain the unambiguous
form of the generalized off-shell ADT current in the following section.

2.2 Construction

We introduce the generalized off-shell ADT current for an asymptotic Killing vector ¢ as

(9 ¢.69) = Thpr(g; ¢.69) + Th(g; £cg.09) - (2.9)

The second term 7 K is introduced to preserve the off-shell conservation of the ADT current
for an asymptotic Killing vector (, such that its divergence cancels the right-hand side of
eq. (2.6). To obtain J; K explicitly, let us consider an n-th order derivative theory of gravity.
Generically the linearized EOM expression £ can be written as

5( /jgg,uz/) — /jg [fuuaﬂégaﬂ + Z f;wozﬁ\m-npkv(pl o vpk)(sgaﬁ , (2.10)
k=1



where the coefficient functions f’s satisfy

frvaBlovpe(gy = prvaBlpree)(gy = plaBlorp(gy = prv(eB)lprpr gy (2.11)

The above form of the linearized EOM may be regarded as a generic derivative expansion
since the commutators of the covariant derivatives can always be replaced by Riemann
tensors. Because of the symmetrization, the order of covariant derivatives does not matter.
From now on, we will always order the covariant derivatives in the increasing p;-numbering
just for the convenience.

As noted above, the additional current JX is designed to satisfy the following relation

0(V=9E™) £cgu — £c(V=9E*) 8gap = —0u(2v/=9TK) - (2.12)

By using the expression in (2.10), the first term in the left-hand side can be written
generically in the form as

S(V=gE™) £cguy = V—g [f“”a'Bngaﬁ + Y et ey 0 0Gas | £
k=1

= V=9FP6gap + 0p(\/—gH"), (2.13)

where we performed the integration by parts iteratively to arrive at the second equality.
The explicit forms of F* and H? are given by!

]—“aﬁ(fcg) = frveB £egu + Z(_l)kvm ... Vpk(fﬂ’/aﬂlplp2"'ﬂk £eguw)
k=1

M (£eg, 0g) = F P10 Legu, 0gag+ > P10 Pk £, g,V 5 0gas (2.14)
k=2

n k
+ZZ<_1)£71VM e vpz (flwaﬁ | pp2pi £Cguu) VPZ-H e vpk59a5 :
k=21=2

As shown in the appendix A, it turns out that

V=gF" (£c9) = £(V—9gE"). (2.15)

By combining the equations, (2.12), (2.13) and the relation (2.15), we can naturally identify
the additional current J% as

1
TR(£Lcg, 6g) = —57%”(»549, dg) - (2.16)

In general, the identical conservation condition alone does not give us the unique
expression of the additional current 7 K. In the above, we have fixed this ambiguity by

! As mentioned earlier, the covariant derivatives are ordered in the increasing p; indices. Furthermore,
in order to express the formula compactly, we also adopt the summation convention such that there is no
covariant derivative if the left hand covariant derivative numbering is greater than the right hand one, i.e.
Vi1 Vor09aps denotes 0gap under the & summation.



declaring that JX is constructed only by f functions as in eq.s (2.14) and (2.16). In other
words, by performing the integration by parts successively, JX can be rewritten in the
following form of

TR (£c9,69) = 3gap VPP (Leg) + VS (L9, 09) (2.17)

where SP7" should be a symmetric tensor over indices p and p/. This is the criterion for
fixing the ambiguity in our approach.
As shown in appendix B, one can obtain more useful expression of 7% in eq. (2.14) as

. n o n k e
Fob _ ZZ(_l)k<p)vpp+l...vpkfu Blp1-pr Vo Vo, £cgu (2.18)
p=0 k=p

and J{ in eq. (2.16) can be written in the form of

n n [ 2

2
1 k—p+ Vo
TR(£cg,09) = 522 Z (—1)p+k+q+1< p q) Vs Vo " Blee2pr (2.19)

p=1k=p ¢=0 4

1
% (1 B 2 52q+1,p) <vﬂp7q+1 T vpp "€Cglﬂ’ vp2 T vl’p*qégaﬁ
_ vp2 P vppqucgaﬁva*qJﬁl o Vppéguy> .

This expression of JX (£¢g,dg) is one of our main results. By construction, the additional
current JX depends only on the EOM. It is manifestly covariant and conserved when g
satisfies the EOM and dg does the linearized EOM. Furthermore, it turns out to be a
symplectic current as will be shown in the next section.

Now, it is straightforward to see that this current is antisymmetric about its arguments:

TR(£¢9,09) = —TR (g, £¢g) .- (2.20)

One might say that the demanded condition of 7§ in eq. (2.12) implies the above anti-

symmetric property. We would like to emphasize that the demanded condition does not

warrant the above antisymmetric property since it does not fix the ambiguity which allows

the addition of total derivative terms. In contrast, we constructed the explicit form of

JR(£¢g,09) in eq. (2.19) with manifestly antisymmetric property without any ambiguity.
A few leading order terms of JX are given explicitly as

jﬁ(dECg?ég) =

1o Bl opaepn L
5 Z(*l)kvm T vpkf# Blopz:-pi 5 ["E(guu 59&6 - £Cgocﬁ 5g/w]

k=1

1 — .
— 5 2 (D) Ve prretloein [fcguu V520905 = Voo £ 59045}

k=2

1 z va

+ 9 (_1)kvp4 Vi " Bloex-on K"’SCQW V2 V30908 = Vs Vs £cGun 59&5)

i
w



1
- §(k_2)(vpz Lcguw'Vps09ap — Vpg £<g#vvp259aﬁ)}

T (2.21)
For example, in the case of Einstein gravity, the expression of J£ (£¢g,dg) from our formula
is given by
1 A4
j£(£49759) = _if'u oBlpp: [’ECg/w Vp2(sgozﬁ - szfggm/ 5904,3] s (2'22)
where

fuuaﬁ [p1p2 % glwgaﬂgplm _ g/ﬂ’ga(mgm)ﬂ _ gaﬂgu(mgm)l’

_ gl gnBgripa o gpi(ngr)(agBre | gp2(ugV)(O<gﬂ)P1:| '

It is interesting to note that the expression of JX is exactly half of the expression of the
so-called invariant symplectic current W* at (E.15) in [19] up to the sign convention.

Since we have constructed JX explicitly, we can obtain the generalized off-shell ADT
current J Z pp- Furthermore, by Poincaré lemma, one can introduce the generalized off-shell
ADT potential Q'{},, as

V=909 €,89) = 0, (V=9 Qe (g €.09) ) - (2.23)

In the following section, we explore the connection of our construction, which depends
only on the EOM, to the covariant phase space approach, and then show how to obtain
the above generalized off-shell ADT potential from the Lagrangian.

3 Off-shell potential and asymptotic symmetry generators

In this section, we compare our construction to the covariant phase space approach [12-14]
and indicate the difference explicitly. Then we present the method to obtain the generalized
off-shell ADT potential from the given Lagrangian. As a specific example, we consider a
generic higher curvature theory of gravity. We also give some comments on the relation
of our construction to a mathematical construction based on the so-called variational bi-
complex [18, 20].

3.1 Comparison with the covariant phase space

It has been known that there are several ways to construct conserved charges for an asymp-
totic Killing vectors [2, 18, 21, 29, 30]. Though we have constructed quasi-local conserved
charges through the additional current J K explicitly, it is useful to find the connection of
our construction with the covariant phase space method which is based on the Lagrangian.
For simplicity, we will focus on a covariant theory of gravity. It is straightforward to include
gravitational Chern-Simons terms, which will be omitted.

The variation of the action (2.1) with respect to g is taken in the form of

1 1
S1lo) = 15 [ 70 SV0E) = 1o [ dPa[VEGEw 4 0,0°09)] . ()



where ©# denotes a surface term. By using the surface term ©#, one can introduce the
so-called symplectic current w* as

wh(g; 01g,029) = 610" (g; d2g9) — 620" (g; d19), (3.2)

which is symplectic in the sense that it satisfies [12]

Swh(g; 02g,039) + 2w (g 39, 619) + d3w"(g; 019,029) = 0.

By applying another variation to eq. (3.1) and using d1621[g] = d2011[g] with 61029, =
02019, one can show that this symplectic current satisfies the following relation

0w (g5 619,029) = 01(V/—gEM")029, — 2(v/—9EM )19 - (3.3)

This relation shows us that w* is a conserved current when g and dg satisfy the EOM
and the linearized EOM, respectively. Furthermore, one may notice that the symplectic
current w”(g; £g,0g) satisfies the same divergence relation with our additional current
JA(£g,09) in eq. (2.12). This means that the difference between them should be, at most,
a total derivative as

2V —9JAN(g; £9,09) = w*(g; £9,09) + 0, (\/—QAW(Q; £g,5g)) , (3.4)

where A" denotes a certain antisymmetric second rank tensor determined by the given
Lagrangian. Note that this relation tells us that 2,/—gJX is symplectic up to a total deriva-
tive. And then, the generalized off-shell ADT current J'; ;,,» can be written in terms of w” as

v 1 1 v
V=9I457(9.£,09) = 0,(V—9QU ) = V—9T\pr + 5! + 0 (2\/ng” ) . (3.5)

In order to see the relation between our construction and the covariant phase space
approach, one may note that J%,, vanishes whenever g and dg satisfy the EOM and the
linearized EOM, respectively. Under this condition, the generalized off-shell ADT current
J' o reduces to the symplectic current w up to a total derivative. Hence, the on-shell
difference between our construction and the covariant phase space formalism resides in
the total derivative term A*”. Now, we give a recipe to determine A* from the surface
term ©F. By recalling the form of [7X obtained in eq. (2.17), the definition of w* given in
eq. (3.2) and the relation between them in eq. (3.4), one can set

607(£cg) = £c0"(89)+0gas|~ 2/ =g VI (£cg)| +V =gV A" (£cg,09)-28" (£¢9,59)),

(3.6)
where one may notice that the total derivative part is composed of two pieces, symmetric
S# and antisymmetric A#. This relation gives us a definite way to obtain A*” from the
variation of the surface term ©#. Schematically, the © term is given by O(dg) ~ V ---Vdg.
Therefore, one can see that

§O(£g) ~ V- 6VLG+V---VoLyg ~ V- 0VLG+ V- VLG,



where we have used £dg = 6£g. To relate this form to the expression of £O(dg), it is
useful to note the following identity for arbitrary tensor 7j,,...,,

1
2

By performing the integration by parts on the variation of the covariant derivatives 6V, one

Vs £c] Ty, = Tyoopss” i1l (Vp£<guil/ + Vi £egow — vwgcgﬂui) : (3.7)

can extract A*” from the anti-symmetric part, over pr-indices, inside the total derivatives.
The explicit examples are given in the next section.

Though we have constructed J% ;. and Q’},, from the EOM expression, it is much
better to obtain the generalized off-shell ADT Q' from the given Lagrangian. By doing
this, one can compare more clearly our construction to the covariant phase space approach
or the BBC formalism. To this purpose, it is useful to recall the Noether current and
potential. The off-shell Noether current J# under the general diffeomorphism ¢ can be
introduced as

JHQ) =2/ =g &M G + V=g (ML — O (£eg) . (3.8)
This current can be shown to be identically conserved and thus the associated potential

K" can be defined by
JH(C) = 0, KM ((). (3.9)

Now we derive the relation among the generalized off-shell ADT current, the K*¥ term
and the ©# term for the asymptotic Killing vectors, following the steps in the case of exact
Killing vectors [24]. By taking a generic metric variation of the off-shell Noether current,
one can obtain

Oy 0 K" = 20(v/=g €M) + (V=g ML) — 66"(()
= 2/=4T iy + £c0"(59) — 66"(C) + 0, (2¢10" (49) )

where we have used the generic variation of the Lagrangian in eq. (3.1) and the definition
of Lie derivative on the © term as

£L:oH =("0,0" —0"0,(" +610,(".
This leads to the identity for the general diffeomorphism (:
29T fpr + w95 £cg,09) = B, (6K (C) — 210" (g; bg) ) . (3.10)
As a result, our final expression of the generalized off-shell ADT potential Q') is given by

2V=9 Qpr(g: ¢.89) = 0K (g: ) — 200" (g5 69) + V=gA" (g5 £¢9,09),  (3.11)
which is identical with the off-shell ADT potential @'}, except for the additional term
A,
A couple of comments are in order.
e The generalized off-shell ADT current J/; - depends only on the EOM, while the

Noether current, J* depends on the Lagrangian and the symplectic current, w* does
on the surface term ©H.



e When ( is an exact Killing vector, the corresponding generalized current J% . re-
duces to the original off-shell ADT current J4 -

e When the background metric and the linearized metric dg satisfy EOM and the
linearized EOM, respectively, the generalized current J ,,, reduces to a symplectic
current JX.

e Though the above Q') is ambiguous up to the total derivative term 9,U**? by
construction, it is irrelevant in our discussion on the asymptotic symmetry generators.

Quasi-local charge for an asymptotic Killing vector ¢ may be defined just like eq. (2.3).
Its infinitesimal variation under an asymptotic Killing vector 7 is given by

5100 = 15 [ A3 Qs £c0.5,9 (312)
- / iy (c[“ﬂm) =" IC) = =L — =gclern,
v )
where --- denotes irrelevant total derivative terms. In the last equality, we have used the

off-shell Noether current J# in eq. (3.8) along with the relation
£2K7(Q) = ~217(C) + 80, (n*KM(Q)) (313)

The asymptotic symmetry algebra can be constructed by using the above variational form
of quasi-local charges. Since the detailed steps for this construction is completely parallel
to those given, for instance, in [18, 20, 22], we will omit those.

3.2 Example: higher curvature gravity

In this section, we consider the higher curvature gravity as specific examples to apply
our formulation of the generalized quasi-local charges. In the higher curvature gravity
L=L(R,R?, R, R*,---), it is very useful to regard the Riemann tensor as an independent
variable and to introduce or
pHYPT = .
OR,po

Then, one can show that the EOM expression £#¥, the off-shell Noether potential K# and
the surface term ©F take the canonical forms of

gm = P(“O(MR”)O‘BV —2V,V, PP _ %g“”ﬁ, (3.14)

K™ (C) = 2/=g(PMP7V ¢y = 2,7, P77 )
O (5g) = 2v/—g (pu(aﬁ)vvv(ggaﬂ — 5ga5V7P“(a6)7> _

Now, it is sufficient to obtain A*” in order to find the quasi-local charge for an asymptotic
Killing vector. To use our procedure in obtaining A*” given in eq. (3.6), one may note

,10,



that, after the repeated integration by parts, the antisymmetric part A*” comes only from
the variation of covariant derivatives in ©#(£L¢g). Specifically, the relevant part for the
first term of ©#(£¢g) in (3.14) comes from the metric variation of the covariant derivative
and is given by

2PM(a5)V5vV£<gaB — _4PM(045)V 5F5(a £§gﬁ)p + ...

— 9y, (P“(”B)"‘g”"5gaa£<9pﬂ o ”59aafcgpﬂ) +e

3 o o
=V, |: - Zpuuozp gﬁ ("ECgocﬁ 6gpa - 69046 £C9p0) + gp[#Pl/](aﬂ) 59046 £§gpa:|
+ I
where --- denotes the irrelevant terms, which are either symmetric part over pr-indices,

SH_ or non total derivative part, V*#!7.  Just like the first term, the second term of
OH(£eg) in (3.14) leads to the relevant terms as

(a7 3 ro o vi(a o
2£¢gap 6V, P = v, [ZP“ ? 97 (£c9ap 6900 — 89ap £cgpe) + g7 P £egap 8gpe| + -

Combining the above results, one can show that
v 3 puvap po ku pri(aB)e
A* (£Cga 69) = - §Pﬂ pg + 2gp hp (£Cga6 69;}0 - 690(5 DECng) . (315)

It is very interesting to notice the complete consistency with the result given in [23]. This
shows us that our construction in the case of the higher curvature theory of gravity is
identical with the mathematical construction through the, so-called, horizontal homotopy
operator in the BBC formalism. This equivalence also tells us that the central charge in
the asymptotic symmetry algebra should be the same as the one in the BBC formalism. It
may be straightforward to check that our construction leads to the same results with the
BBC formalism even in any higher derivative theory of gravity.

Just for concreteness, we present some detailed expressions in Einstein gravity. In this

case, P-tensor is given by
PR = gPligile (3.16)

and it turns out that

AR (£c9,69) = — (g“(“gﬂ Wogolw _ grlagh )(”g")“> (£Cga659po - 5ga5£<gpg) :

For any diffeomorphism paramter ¢ (h,, = 6g,,) in Einstein gravity
V=W = %51(;" —¢reyl = H(%hv“‘(” — (VG 4 G VIR 4 e — h‘*[“vag"l) , (3.17)

and so, the generalized off-shell ADT potential for an asymptotic Killing vector ¢ in Einstein
gravity is given by

1
Q}IL%V — Q/.}l,%l/ + §A—}Il:,il/

= %hv[ﬂgﬂ —C[“Vah”}“+§av[“h”]‘“—l—c[“vl’}h—%h‘“[“VQC”}+%h"‘[NV”]Ca . (3.18)

— 11 —



4 Conclusion

We have constructed the generalized off-shell ADT current and potential by using only the
EOM and the linearized EOM expression. By connecting this construction to the covariant
phase space method, we have presented a definite way to obtain the off-shell ADT current
and potential from the given Lagrangian. Our construction can be applied to a generic
higher derivative theory of gravity even with gravitational Chern-Simons terms. We have
also indicated the relation of our construction to the BBC formalism. As a specific example,
we have presented the generalized off-shell ADT potential explicitly for a higher curvature
theory of gravity. Our construction shows us the usefulness of the off-shell or quasi-local
formulation of conserved charges.

In view of the generic structure of the generalized off-shell ADT current, our construc-
tion corresponds to the choice of a further symmetric form as follows

Mirveal — pglun-vi)af E=1,2,--. (4.1)

This fact can be inferred from eq. (2.17) by noting that we can perform the iterative
integration by parts on £¢g instead of dg. By performing the integration by parts further
on the term S, one can show that MH1¥n®B takes the above form. In this sense, our
construction may be regarded as the most symmetric one.

As was shown in the higher curvature theory of gravity, our final results are equivalent
to those from the BBC formalism. To compare our construction to the BBC formalism, it
is useful to recall that the BBC construction of the asymptotic symmetry generators starts
from the so-called on-shell vanishing current S*({) = \/—g&"”(,. One may note that our
construction of the generalized off-shell ADT potential Q'{,, given in eqgs. (2.9) and (2.23)
can be rewritten as

6(2v=96"C,) = —2V=g T4 (£cg. 39) +V=gC"EP 005 + 0, (2V=9Qpr ) . (42)

This shows that our generalized off-shell ADT potential Q'{,; corresponds to the potential
kM in the BBC formalism [18, 20]. In conjunction with the equivalence in the case of a
higher curvature theory of gravity, this form strongly indicates the formal equivalence be-
tween our construction of the generalized off-shell ADT potential and the BBC formalism,
though it does not prove the equivalence. On the other hand, there are some differences
between two constructions. In our construction we have not used an on-shell condition on
the metric g and do not need any canonical choices of the surface term ©# or the off-shell
Noether potential K*¥. Any ambiguity in such terms should be canceled in eq. (3.11) by
construction. In the BBC formalism, a priori ambiguous quantities like the ©-term are
fixed by the horizontal homotopy operator while we do not need such canonical choice.
However, it seems very plausible to expect the formal equivalence between them in con-
sideration of the final expression for the potentials. It would be very interesting to prove
their equivalence.

As a further direction, it would be also very interesting to study physics in [31-33] by
using our construction.
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A Useful formulae

Let us take another generic variation of the expression (3.1) as

1
badullg) = T / de{—ég(\/i—gé’“”)&lgw—\/7—95“"52519W+8u(52@“(519))}. (A1)

Through the extension of the relation (2.13) to the case of the generic variation, one can
set the above double variation in the form of

1
62011[g] = W;/de{ =V =9F"(619) 029 — V—9E" 62619
+0,(820"(019) = V=gH"(019.529)) |

1 v v
- W/d%[— 81 (V=gE"™ Y620, — V—GEM 6152g, +3M<51@“(5gg)> ] ,

where the second equality comes from the commuting relation between two generic varia-
tions as 01021[g] = d2011[g]. Now, let us take the variation d2g to be generic but compactly
supported only in the bulk. In other words, dog is taken to be decaying sufficiently fast at
the boundary of the region of interest. This choice tells us that we can ignore the surface
term for such a variation dog. Under this condition with the relation 01029, = 02619,
we can obtain the relation

V=gF"(89) = 6(vV—gE"), (A.2)

which should hold for an arbitrary metric variation dg,,. By using the explicit form of ¥
given in eq. (2.18) in conjunction with eq. (2.10), one can obtain the following identity

" k
fa,BuV\pr“P[ = Z(_1>k <5> vpzﬁ—l T vpkf;waﬁlpr--pk ) (A'S)
k=¢

In the case of Einstein gravity, this identity implies that the non-vanishing terms, f#@# 12
satisfy

f;waﬁ [p1p2 _ faﬂlw [ p1p2 (A.4)
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B Derivation of JX

In this appendix we show the main steps leading eq. (2.19). For our convenience, we may
represent the expressions of 7% and J X in egs. (2.14) and (2.16) compactly as

n

FoO = 3 (1T, oV, (el £og,,),

k=0
n k
1 va
jﬁ(fgg, 69) - 5 Z Z(_l)évm e sz(f“ Blopz-pi £C9MV) vﬂl+1 o 'Vﬂk(SgOéﬁ :
k=1 [1=1

By using the binomial expansion

k
k
v(,01 T vpk)(AB) = Z (p) V(,01 T vaA Vpp+1 o 'vpk)B’
p=0
one can rewrite those as
n k k
Fob = ZZ(—l)k< >Vpp+1 . ..vpkaVa5|Pl"'Pk Voo Vo £y
k=0 p=0 p
1 n k -1 /1
TR(£¢g, 69) = 3 Z Z(—l)f( )pr o, frreBlopa o
k=1 (=1 p=0 p

XVPQ e vPp-%—l £<9;w vpl+1 e vpk(sgaﬁ .

After rearranging the order of summation, one can obtain more useful expression as

(& - - k Vo
VS Z Z(ink (p) Vopir Vo ! Blowp Vo Vo, £eguw, (B.1)
p=0 k=p
1 n n p—1 ke — p+g
JR = 5 Z Z Z(_l)p+k+q+1 < , )Vpp+1 AV | pp2-pi; (B.2)
p=1k=p q=0

XVPP*Q‘Fl e vﬁp"gfglw VPQ e Vpp—q(sgaﬁ :

Now we would like to show the anti-symmetric property of JX(£¢g, dg) over its argu-

ments. To this purpose, we need differential relations among f functions. Firstly, one may
note that

= t—p+ afuv|py-
Z(_l)f( p q>vpp+l...vpéf Buv | p1--pe (B.3)

l=p q

l— p+q k va
(_1)Z+k< ) <€> AR AV Blorpr

q
m—p-+q
m)( g ﬂvwﬁ

n n

(=p k=t

I
T
[a—
N—
B
| — |
iNg
—
|
—_
SN—
3
TN\
5

— 14 —



where we have used the identities (A.3) in the first equality and rearranged the order of
the summations in the second equality. Secondly, by using the binomial identity

D)) e

m=p

we obtain the identity

= (—p+ B | o1 on
S0 (TG, el (B.5)
t=p

n

k—q—1 .
= (—1)ktp (p - 1) Vs vpkf/wocﬁlpl P
k=p

By using the above identity into eq. (B.2), one can find the manifestly antisymmetric
form of J K over its arguments as

k_
(—1)1’*’“”*1( f; +q) Vppar =+ Vp freeflees=ex (B 6)

X <1 T 9 52q+1,P> (vﬂp—q+1 Vo ¢ Voo - Vi, 09as
_ Vp2 T vpp—q’fcgaﬁvpp—tﬁ-l . Vppfsguy) .
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