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We develop a new approach to find asymptotic symmetries in general relativity as a modifi-
cation of the Lie-algebra-based approach proposed in T. Tomitsuka et al. [Classical Quan-
tum Gravity 38, 225007 (2021)]. Those authors proposed an algorithmic protocol to in-
vestigate asymptotic symmetries. In particular, their guiding principle helps us to find a
non-vanishing charge that generates an infinitesimal diffeomorphism. However, in order to
check the integrability condition for the charges, it is necessary to solve differential equa-
tions to identify the integral curve of vector fields, which is usually quite hard. In this paper,
we provide a sufficient condition of the integrability condition that can be checked without
solving any differential equations, avoiding the difficulties in the approach in the above ref-
erence. As a demonstration, we investigate the asymptotic symmetries on a Killing horizon
and find a new class of asymptotic symmetries. In 4D spacetimes with a spherical Killing
horizon, we show that the algebra of the corresponding charges is a central extension of
the algebra of vector fields.

Subject Index EO00, EO1

1. Introduction

The uniqueness theorem [1-3] states that every 4D stationary black hole solution to the
Einstein—-Maxwell equations in general relativity is completely characterized by just three pa-
rameters, mass, angular momentum, and electric charge. On the other hand, Bekenstein [4]
proposed that a black hole has entropy proportional to its horizon area 4, and Hawking [5]
showed that a black hole emits thermal radiation and has what we call Bekenstein—-Hawking
(BH) entropy 4/4G, where G denotes the gravitational constant. This suggests that the black
hole has a lot of microstates even though it can be characterized by the above three parameters.
What is the origin of such microstates?

So far, a great deal of effort has been devoted to explaining the origin of BH entropy. One
possible origin are the so-called asymptotic symmetries on a horizon. General relativity is in-
variant under diffeomorphisms. Sometimes, it is argued that diffeomorphisms are gauge trans-
formations in general relativity, which do not change the state of the system physically. If so,
the metrics connected by diffeomorphisms cannot be distinguished from each other and hence
diffeomorphisms may seem to have nothing to do with the origin of microstates.

However, not all diffeomorphisms generate gauge transformations. A way to judge whether
a diffeomorphism is not a gauge transformation is to check the value of the charge generating
© The Author(s) 2022. Published by Oxford University Press on behalf of the Physical Society of Japan.
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the transformation. If the value of the charge is modified by a diffeomorphism, then it is not
a gauge transformation since the original and transformed metrics can be discriminated. Such
a physical transformation generates microstates that may contribute to BH entropy. As is well
known, the value of a charge generating an infinitesimal diffeomorphism is given by an integral
over the boundary of a spacetime in general relativity. Thus, the asymptotic behaviors of a
diffeomorphism and the metric play a crucial role in identifying transformations that cannot
be gauged away. Such asymptotic symmetries of spacetimes have been investigated as a possible
origin of BH entropy, e.g., in Refs. [6-11].

Despite such importance, studies on asymptotic symmetries often take enormous effort. In
the conventional approach, we first specify the asymptotic behavior of the metrics near the
boundary and solve the asymptotic Killing equation. The set of all asymptotic Killing vectors
forms an algebra that generates a diffeomorphism. Next, we check whether the so-called inte-
grability condition is satisfied. If it is not, we have to go back to the beginning to get a well
defined charge. Even when the integrability condition is satisfied, there remains a possibility
that all the charges vanish for any metrics in question. In this case, since the metrics cannot be
discriminated by the values of the charges, the diffeomorphism can be gauged away. Thus, to
find non-trivial charges, we also have to restart the above protocol from the beginning. In this
sense, it is important but sometimes difficult to find an appropriate asymptotic behavior of the
metrics in the first step that results in non-trivial and integrable charges by trial and error.

As an alternative approach, the authors of this paper and a collaborator proposed the Lie-
algebra-based approach in Ref. [12]. In contrast to the conventional approach, in our approach,
we first pick up a pair of two vector fields such that the Poisson bracket of the charges gener-
ating infinitesimal diffeomorphisms along them does not vanish at a fixed but arbitrary metric
guv, which we call the background metric. We then fix a Lie algebra A, which contains those
vector fields. Instead of metrics with an asymptotic behavior introduced by hand, we adopted a
set of metrics S that are connected to g, by diffeomorphisms generated by .A. The algebra of
the charges is non-trivial by construction as long as the integrability condition is satisfied since
there is a set of elements whose Poisson bracket does not vanish. In Ref. [12], we applied this
approach to the Rindler horizon and found the new symmetry that we call superdilatations.

Although the approach proposed in Ref. [12] may be powerful in finding asymptotic symme-
tries, there remain hard tasks that are required to check the integrability of the charges directly.
We need to solve differential equations to obtain all the diffeomorphisms generated by .A and
identify S. Although there are examples of algebras A for which the differential equations can
be solved, e.g., those in Ref. [12], in general, it is quite difficult to solve the differential equa-
tions for a given A. In this paper, we propose a modification of the approach to overcome this
issue. A key ingredient is a sufficient condition for charges to be integrable, which can be checked
at the background metric g,,. This enables us to check the integrability condition without solv-
ing any differential equation. Since the algebra of integrable charges can be fully characterized
by calculating the value of the Poisson bracket at the background metric g,,,, there is no need
to identify diffeomorphisms generated by A or S directly. As an explicit example, we investigate
the asymptotic symmetries on the Killing horizon with our approach. We find a new asymp-
totic symmetry composed of a class of supertranslations, superrotations, and superdilatations
in D-dimensional spacetimes with the Killing horizon. In particular, the algebra of the charges
in 4D spacetimes with a spherical Killing horizon is calculated explicitly, which is shown to be
a central extension of A.
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This paper is organized as follows: In Sect. 2, we briefly review the covariant phase space
method, which is adopted in this paper to construct the charges generating infinitesimal diffeo-
morphisms. In Sect. 3, we briefly review the Lie-algebra-based approach proposed in Ref. [12].
In Sect. 4, we provide a sufficient condition for the charges to be integrable. In Sect. 5, we find
a new symmetry on the Killing horizon by using our approach and investigate the algebra of
its charges. In Sect. 6, we present the summary of this paper. In this paper, we set the speed of
light to unity: ¢ = 1.

2. Covariant phase space method
Let us briefly review the covariant phase space method developed in Refs. [13-19], which will
be adopted in the rest of this paper. This method enables us to investigate and construct the
algebra of the charges independently of the choice of a local coordinate system.

We here focus on the gravitational system without any matter field. The Einstein—Hilbert
action with the cosmological constant A is given by

S:/ dPxLry,  Lpni= LS (R—2A), (1)
M 167TG

where [ M dPx denotes the integral over a D-dimensional spacetime M and g and R are the
determinant of the metric g,,, and the Ricci scalar, respectively. The variation of the integrand
is decomposed into two parts as

em = — L (G 4 Mg i+ 8,0 (5. 59), @
where G, is the Einstein tensor defined by
Guv = Ry — %Rg,m 3)
while @ is called the pre-symplectic potential, which is defined by
©"(g,8g) = % (§“VP8gup — &PV 5g0up) - “

For an infinitesimal transformation of metric §:g,,, := £¢g,.,, Where & is a vector field and £;
denotes the Lie derivative along it, we have

8¢ Len = £ Len = 0, (6" LEn) (5)
since Ly is a scalar density. Defining the Noether current
J'[E] == OF(g, £eg) — " LEn, (6)
Egs. (2) and (5) imply that
—&
0, J'E] = —=(G"" + AZ")Eegu 7
W) = (G + Mg, )

holds. From this equation, one can see that if g,, satisfies the equation of motion, i.e., the
Einstein equations G, + Ag,, = 0, the current is conserved:

9. J"[E] =0, @®)

where ~ denotes an equality that holds for any solution of the equation of motion. In fact, we
can decompose the current into two parts [18]:
\ _gv[uSV]’ cH v_E

T = 0,07+ ChE OV =~y = (G F A )
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Here, the bracket [, ] for indices denotes an anti-symmetric symbol that is defined by

1
A[Mlll«z'“ll«d] = E Z Sgn(a)Aﬂa(l)ﬂa(Z)"'ua(d)v (10)

GGSd
where S, is the permutation group and sgn(o) denotes the signature of o € S,.
The Noether charge is defined as the integral of the current over a (D — 1)-dimensional sub-
manifold ¥ in M and is given by

0= [ (@ e~ (@ 0,006 = § @0 A
where 9% is the boundary of X. Note that the integral measure is given by

€
dP—rx) e TEUTERERUTED g A A dx*r, 12
( ),ul MHp p'(D _ p)| ( )

where €,,...,,,, 1s the D-dimensional Levi—Civita symbol.
For any linear perturbations of the metrics §1g,, and 8,g,,, the pre-symplectic current is

defined as
w"(g, 818, 828) := 810"(g, 828) — 6,0"(g, 12). (13)
The integral of the pre-symplectic current over ¥ is called the pre-symplectic form, denoted
by
s 1.8:9) = [ (013,02, 18.5:9) (14)
z

Let H[£] denote the charge generating an infinitesimal transformation such that g,,—g,., +
£:g,, for a vector field &£. For a linear perturbation §g,,,, it is known [15-19] that the variation
of the charge is given by

SHIE] = Qg 55 £eg) = f ("), 0" (s, 55 £e9). (15)
)
From Egs. (2), (6), and (9), we get
W' (g, 8g £:8) ~ 8C* E" + 3,5 (g, 8g. £¢8) , (16)

where S*"(g, 6g, £:2) 1s an anti-symmetric tensor defined by

S (g, g £:8) = 80Q"'[¢] + 261 ©")(g, 89)

= g ( - é(Sg%V“‘s”l + gV Vo — VitsgE,
+ 51 Va8 — s“‘vﬂag”a) (17)
Therefore, if the generator H[£] exists, its variation satisfies
SHE] ~ /E (@P'x) 8CH 8" + jéz (@P2x) ,, S" (g 8% £e8) - (18)
Assuming ég,,, satisfies the linearized Einstein equations, the first term vanishes and we get
SHIE] ~ ﬁz (dD_zx)W S (g, 8g. £:8) - (19)

This equation implies that the values of charges are characterized by the asymptotic behaviors
of the metric g,,,, its perturbation 8g,,, and the vector field &.
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Let us now investigate under what condition the charge exists. Given the formula for the
variation in Eq. (19), it must hold that

(8102 — 8201)H[E] =0 (20)

for any variation §; and 8, as the partial derivatives of a multivariable function commute. Since
it holds that

(8182 — 8281 H[§] = — f (dP72x)0 (61810 (g, 82g) — £V'5,0" (3. 819)
)
__ /a ("), 0" (g, 518, 529)
z

~— [ (@dP770)0E" 0.5 (g 81, 629), 21)
D>
Eq. (20) is equivalent to

fd (dP2),E 10,5 (g, 61, 52) = 0. (22)
ox

Although this is a necessary condition for the charge to exist, it is also a sufficient condition
as long as the space of g,, has no topological obstruction [19]. Therefore, we call Eq. (22) the
integrability condition.

If the integrability condition is satisfied, the charge at a metric g, can be evaluated by the
integral along a smooth path from a reference metric g$f3 to g, in the space of metrics. More
precisely, by using an arbitrary one-parameter set of metrics g,,,(1) such that g,,,(A = 0) = gﬁ)ﬂ
and g,,(A = 1) = g,,, the charge at g, is evaluated as

1
H[§] = /O dx 32(a’D_zX)uv(BAQ" "[5)(g, ) + 250" (g, 9,9)), (23)

where we have set the reference of the charge H[£] so that it vanishes at gﬁ?ﬂ. Since Eq. (20) is
satisfied, the charge in Eq. (23) is independent of the choice of path g,,(}).

3. Review of the Lie-algebra-based approach

In this section, we review the approach developed in Ref. [12], where we proposed a guiding
principle that helps us to find a non-trivial algebra of the charges. This principle ensures the
existence of two elements in the algebra such that their Poisson bracket does not vanish. There-
fore, as long as the integrability condition of the charges is satisfied, the transformation gener-
ated by the algebra cannot be gauged away.

In order to investigate the asymptotic symmetries of a background metric g, of interest with
the covariant phase space method, we have to specify (i) the set of metrics that includes g,,, and
(i1) the set of vector fields that forms a closed algebra. In the following, they are denoted by S
and A, respectively. These sets must be chosen such that an element of S is mapped into itself
under any infinitesimal diffeomorphism generated by .A. Note that only the asymptotic behav-
iors of the metrics and the vector fields are relevant for the charges. In prior studies, such as
Ref. [20], it is common to fix the algebra A as the set of vectors satisfying the asymptotic Killing
equation for a given S. This approach uses trial and error to find S such that the integrability
condition is satisfied and the charges form a non-trivial algebra.

In the Lie-algebra-based approach proposed in Ref. [12], an alternative method is adopted to
fix S and A; given an algebra A, we define S by

S = {qb*g,w ‘q& € {all diffeomorphisms generated by A}} , (24)
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Fig. 1. A schematic picture of the set of metrics S defined in Eq. (24). Vector fields & and n are elements
of a Lie algebra A. All metrics in § are connected to the background metric g, by diffeomorphisms
generated by A. For any metric g,, € S, there exists a smooth path g,,(2) from g,, to g,,. For any
tangent 8g,,,(A) at a point g,, (1) in S, there is a vector field x € A such that §g,,(A) = £, g,, ().

where ¢* denotes the pull-back. In this case, we need to choose A carefully so that the resulting
charges are integrable and form a non-trivial algebra. In the rest of this paper, the set S is always
defined by Eq. (24).

There are advantages to adopting the set S defined in Eq. (24). First, if g, is a solution of
the Einstein equations, then any element of S automatically satisfies the Einstein equations. In
addition, a linearized perturbation §g,, is generated by an infinitesimal diffeomorphism and
can be written as

Sg;w = £xgu_v (25)

with a vector field x € A. In the following, the variation corresponding to such a perturbation
is denoted by §, . This property is particularly important to find a candidate of .4 with the Lie-
algebra-based method, as we will see soon. A schematic picture of the set of metrics S is shown
in Fig. 1.

Now, let us review the key idea in Ref. [12], which is helpful to find A yielding a non-trivial
algebra of charges. The algebra is non-trivial if

%neddg, €S, §HE| #0 (26)

8uv

or, equivalently, { H[¢], H[n]}

# 0. From Eq. (17), Eq. (26) can be recast into
guv

3, neAIgneS, | (d°72x)0S" (g £,8 £:8) # 0. 27)
X

The diffeomorphism associated with the algebra cannot be gauged away if Eq. (27) is satis-
fied. Otherwise, all the charges vanish for any metric, implying that the metrics in S cannot be
discriminated by the value of charges and that the diffeomorphisms generated by .4 may be
gauged away.

Note that it may be hard to check the condition in Eq. (27) directly since the set of metrics S
depends on A. Instead, we adopt a sufficient condition

3, neA | (dP°72X)0S" (8 £,8 £:8) #0 (28)
o
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as a guiding principle to fix .A. More precisely, we first derive a formula for

/3 @), 8" A £ (29)

for arbitrary vector fields £ and 5. Since Eq. (28) can be calculated at g,,, we need to spec-
ify neither S nor A at this point. By using this, we then fix two vector fields & and 5 so that
Eq. (29) does not vanish. We define A as a closed algebra containing n and &, which can be
obtained by calculating the commutators of & and 5. The algebra A defined in this way trivially
satisfies Eq. (27) and hence the diffeomorphisms generated by .4 cannot be gauged away by
construction.

Of course, we also need to impose Eq. (22) to get integrable charges. This condition can be
recast into

0= / (dezx)ngﬂaaSUI“ (2.£,8.£,8), VEnxeA VgneS (30)
)

where we have used Eq. (25).

For a given background metric g,,, Eq. (28) works as a guiding principle to find non-trivial
charges. However, there still remains a difficulty in finding integrable charges since we have to
choose & and 7 so that Eq. (30) is also satisfied, which requires trial and error. It often takes
an effort to check Eq. (30) for an arbitrary g,, € S since we have to calculate the asymptotic
behaviors of g,,, near the boundary. As a necessary condition, in Ref. [12], we adopted Eq. (22)
at the background metric, i.e.,

/BE (@P72x) ,, §"0.5" (g £,8.£,8) =0, V&, xeA (31)

before checking Eq. (30) directly. This condition can be checked relatively easily since we only
need the background metric g, and the algebra A. The approach proposed in Ref. [12] can be
summarized by the following six steps:

Step 1 Fix a background metric g,,,, of interest.

Step 2 For the background metric, find two vector fields & and 5 satisfying Eq. (28). These
are the candidates generating non-trivial diffeomorphisms whose charges are integrable.

Step 3 Introduce the minimal Lie algebra A including & and 5 by calculating their commu-
tators. Check whether the integrability condition at the background metric, i.e., Eq. (31),
is satisfied for the algebra 4 as a necessary condition for Eq. (30). If it holds, go to the
next step. Otherwise, go back to Step 2.

Step4 Construct the set S of metrics g, that are connected to the background metric g,
via diffeomorphisms generated by A.

Step 5 Check the integrability condition in Eq. (22). If it is satisfied, then go to the following
step. If not, go back to Step 2.

Step 6 Calculate the charges by using Eq. (23). Here, we fix the reference metric as the

background metric: g(,?z = g

In our previous paper [12], we only considered vacuum solutions to the Einstein equa-
tion without the cosmological constant. We can easily extend the analysis to solutions with
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the cosmological constant. In this case, Eq. (27) is recast into

I, neA3dg,es,

1
8t G )

[(ZV“n“VaS” — Van" VHEY + Vo Vi) — C " 60" + D1

A
S“n”}w #0,
(32)

where C,,"" := g"7g"*Cypys is the Weyl tensor and €, := \/=g(d”~?x),,. Note that it can
be checked that Eq. (32) is equivalent to Eq. (39) in Ref. [12] if the cosmological constant A
vanishes.

In Step 2 of the above algorithmic protocol, Eq. (28) plays the role of a guiding principle
to find non-trivial charges. In addition, Eq. (31) in Step 3 helps to reduce useless calculations
on the charges that turn out not to be integrable. An advantage of the above algorithmic pro-
tocol is the fact that calculations in Steps 2 and 3 can be done by using only the background
metric g,,. By using this protocol, we found a new class of symmetries on a Rindler horizon
in Ref. [12], generating position-dependent dilatations in time and in the direction perpendicu-
lar to the horizon. We have termed such a transformation superdilatation. However, there still
remain the following hard tasks: In Step 4, it is necessary to identify all diffeomorphisms gener-
ated by vector fields in A to obtain S, which is usually difficult. Only after this step is completed
can the integrability condition be checked for all metrics in S in Step 5.

To overcome this issue, in the next section, we propose a sufficient condition for the charges
to be integrable, which can be checked at the background metric g,,,,. It enables us to find an
algebra A yielding non-trivial and integrable charges without explicitly calculating diffeomor-
phisms generated by A or the metrics in S. This is a key advantage of the new approach in
this article. To calculate the charges explicitly, we still need to identify A and S. However, since
the sufficient condition ensures that the charges are integrable, there is no possibility that the
efforts in calculating A and S are wasted.

It should be noted that the algebra of charges can be identified without calculating the values
of the charges explicitly. In fact, the Poisson bracket of the charges satisfies

{H[&], H[nl} = HI[[£, n]]+K (&, n), (33)

where [£, n] is a commutator of £, n and K(&, n) is a constant dependent not on g, but on g,
(see, e.g., Ref. [21]). Evaluating the left-hand side of Eq. (33) at the background metric g,,,, we

get K(&, n) since it is always possible to make the values of charges H[x]| at the background
4

metric g,, vanish for all x € A. If K(&, n) can be absorbed into chargesﬂlv)y shifting them by
constants, then the algebra of the charges is isomorphic to A. If not, the algebra of the charges
is a central extension of A. Therefore, we can fully characterize the algebra of charges itself
without calculating the diffeomorphisms generated by A explicitly, overcoming the difficulties
in the approach in Ref. [12].

4. Integrability condition

In this section, we provide a sufficient condition for the charges to be integrable. This condi-
tion can be checked at the background metric, implying that we can obtain integrable charges
without calculating the family of metrics S directly.
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Given an algebra 4, the integrability condition that the second line in Eq. (21) equals zero is
recast to
(dD_zx)Wg[“(x)a)“](g, £,8.£,4x)=0 V&, n,xecA VgeS, (34)
D>
where we have used Eq. (25); S is the set of metrics defined in Eq. (24) and w”(g, 8,1, §2g; x) is
given by
vV _g(x) Ve o
(€ (%) (&7 ()& (x) — 2¢”7 (x)”" (x))
160G
+ 28" () ()7 (x) + 8" ()2 ()27 (X)) 8118 (%) Vi 8218ap (X)
(35)

w"(g 618 628 x) =

for a solution g, of the Einstein equations and linearized perturbations §g,, and é,g,,, satis-
fying the linearized Einstein equations. To check whether Eq. (34) is satisfied directly, we need
the asymptotic behavior of the integrand near the boundary 9%. By using the well known
duality between a diffeomorphism and a coordinate transformation of tensor fields (see Ap-
pendix A for details), we derive a formula to calculate the asymptotic behaviors under certain
assumptions that will be made below.

First we introduce our set-up and several assumptions to derive the sufficient condition for the
charges to be integrable. We fix a D-dimensional background spacetime (M, g) and a Cauchy
surface . For notational simplicity, we fix a specific coordinate system ¢ : M — R” in such a
way that the Cauchy surface is characterized by ¢ = const. and that its boundary is specified by
o = 0, where we have defined

v(p) =0 )y ). M (p) =, p.0M) (M=2,....,D—1). (36)
Let ‘H denote the union of the boundary for all ¢:
H:={pedX, forsomet} (37)
or, equivalently,
H={pe My (p)=0). (38)

In this set-up, the integrability condition evaluated at the background metric is given by
[ @010 @ ki iz ) = [ dotda e do S0 58 455 )
D> ¥ (03)

=0 V& 7, %€ A (39)

We assume that any diffeomorphism generated by .4 does not map a point in the outside (resp.
inside) of {X,}, to a point in the inside (resp. outside) of {X,},. Then, the p-component of the
vector fields generating the diffeomorphisms must vanish on the boundary. Thus, we impose
the following condition on the asymptotic behaviors of the vector fields:

VE e A, £'(n) = O(1), () = O(p), §" =0(1)  (p— 0. (40)

Let us assume that
VTI, X € A’ a)t(g» £7’]ga £)(g; J’) = O(l), a),o(g’ £77ga £xg; )’) = O(IO)’
(g, £,8.£,8 ¥) = O(1) (p—0) (41)
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hold. Under these

assumptions, we get

(0 O(p) O0) o)

O() 0  Op) - O(p)

} 3 oty o o od) - 0Ol
Ve X e A s0M@ L8 50 = . o ,
: : : . 0

o) Op) oa) --- o)y 0 )

(42)

Since Eq. (39) is clearly satisfied when Eq. (42) holds, Egs. (40) and (41) are a sufficient condition
for Eq. (39) to hold.

Next we further show that Egs. (40) and (41) are a sufficient condition for the charges to be
integrable at an arbitrary metric, i.e., Eq. (34). Fix a diffeomorphism ¢: M — M generated by
A. The integrability condition (34) at g = ¢*g is written as

[ @0 e £y £, =0 Ve x € A 43)
where we have adoagted another coordinate system ¢, which is related to i by
p=vod:peMmr o(p)="(p),....x""(p)). (44)
By using Egs. (A6), (A8), (A13), and (A14), we have
EV(X (P (g £,8 £,8 X (p) = EV((D(p)0"N(E, £38, £38: ¥((P))), (45)

where the vector field £ is defined by £ := (¢*)~'£. On the other hand, for the algebra .A whose
elements satisfy the asymptotic condition in Eq. (40), we have

¥'(y) = (0(1),0(p), O(1),...,0(1)) (p— 0). (46)
See Appendix B for proof. The integral measure in Eq. (43) is explicitly calculated as
(dD_zx,);w . = meﬂwz“ub—l
where e%,, := g{% By using Eq. (46), the asymptotic behavior of e, is given by
(€' aps € oo €?7h) = (O(1), O(p), O(1), ..., 0(1)) (p— 0) (48)
forany M = 2, 3, ..., D — 1. By using Egs. (45) and (47), the left-hand side of Eq. (43) is
proportional to

f El (003, £;8, £38; V)€var—ap 1€y, -e,’o‘D‘lMDilalch2 A AdoMt (49)
$(0%)

From the asymptotic behaviors of the coordinates in Eq. (46), any point in H is mapped into it-
self by a diffeomorphism ¢ generated by A. Therefore, the integral region ¢(d X) corresponds to
the limit of p — 0. Note that, since €,,,q,..a) , 1s anti-symmetric under the change in its indices,
the integrand in Eq. (49) vanishes except for the contributions coming from the contractions
of indices where one of (u, v, aar,, ..., o, ) 1s p. Such a contribution is always O(p) since
Eqgs. (42) and (48) hold. Thus, we finally get

o) op—] M, Mp_,
ey, dot AN Ndo (47)

Eq. (49)  lim O(p)do?---doP 1 =0 (50)
r=0Jg(55%)

and conclude that Eq. (40) is also a sufficient condition for the integrability condition to be
satisfied at any metric g,,, in S.
The approach adopted in this paper is summarized in the following four steps:
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Step 1 Fix a background metric g,,,, of interest.

Step 2 For the background metric g,,, find two vector fields & and 5 with the asymptotic
form in Eq. (40) satisfying Eq. (28). These are the candidates of the vector fields that
generate non-trivial diffeomorphisms whose charges are integrable.

Step 3 Introduce the minimal Lie algebra A including & and 5 by calculating their commu-
tators. Check whether Eq. (41) holds. If it does, go to the next step since the charges are
integrable. Otherwise, go back to Step 2.

Step 4 Investigate the algebra of the charges for A via Eq. (28).

A crucial difference between the approach in Ref. [12] and the one proposed in this paper is
the step where we check the integrability condition. In Ref. [12], we checked whether Eq. (22)
holds for candidates of vector fields satisfying Eq. (28). This step takes some effort since we need
to calculate all the diffeomorphisms generated by the algebra of the vector fields. Furthermore,
these efforts may be wasted since the charges sometimes turn out not to be integrable. In con-
trast, in our new approach, we adopted Eq. (41) as a sufficient condition for the charges to be
integrable, which can be checked at the background metric. It is much easier to check Eq. (41)
than Eq. (22) since we do not need to identify the diffeomorphisms generated by the algebra of
the vector fields.

As a demonstration, we investigate asymptotic symmetries on Killing horizons in the follow-
ing section. Adopting our approach, we find that a class of supertranslation, superrotation, and
superdilatation yields a non-trivial and integrable algebra of charges with a central extension.

5. Asymptotic symmetries on a Killing horizon

Let us investigate the asymptotic symmetries at a Killing horizon of a spacetime with our new
approach developed in the last section. We will find a new class of asymptotic symmetries and
show that the algebra of the corresponding charges is a central extension of the algebra of
vector fields generating the transformations of the symmetries.

Step 1 Here, we adopt the following D-dimensional metric as the background metric:
—i2p*+ 0" OY)  fyp®+00Y)  fiap®+ O(p?)

] O0Y 1406 0(Y 0(")
) = -0
@)=V 1020 00Y  06h  furoed oy | P70
Siap® + O(p*) O(p?) O(p?) Qs+ O(?)
(51)

in the coordinate (¢, p, ¥, 04) for A = 3, ..., D — 1, where all the coefficient functions
Srwsfia-fyy and Q4p depend on 04 while « is a constant. We assume that the coefficient
functions and « are fixed so that the metric satisfies the Einstein equations. This class of
metrics contains important spacetimes, e.g., de Sitter spacetime and the Kerr spacetime.
It is known that the asymptotic behavior of the metric near the Killing horizon located at
p = 01s given by Eq. (51) and that the Cauchy surface is characterized by ¢ = const. [11].

Step 2 Next we consider two vector fields & and 1, which have asymptotic forms given by
Eq. (40):

§ = (X'(1,9,0") + O(p), X°(t, ¥, 01)p + O(p*), XV (1, ¥, 07)
+ O(p), X1, 9, 0") + O(p)), (52)
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" = (Y'(t, 9, 0")+ Op), YP(t, ¥, 0M)p + O(p?), YV (1, ¥, 07)
+ O(p). Y1, . 0") + O(p)) (53)

as p — 0, where all coefficients are arbitrary functions of ¢,v, and 6. For the metric
(51) and vector fields (52) and (53), our guiding principle in Eq. (32) can be calculated as

follows:
1 2/ 1 1
/ V@S SO YO X + Dy YM (1P X = fin XN + S0, X7 ) + 04 fry XV Y
871G E)>) K 2 2

+3pfiu —0ufin) XY — (X & Y)}daz cedoP1 £ 0 (54)

where M, N =2, ..., D — 1 and D, denotes the covariant derivative on the (D — 2)D
hypersurface characterized by ¢ = const. and p = const.
In Ref. [12], we investigated the following set of vector fields:

5 =1Ti(x")+ 0(p%), £ = O(p*), €Y = 0(p?), (39

n' = 0(p*), n” =1T(x")p + O(p*), 1™ = O(p?), (56)

where Ty, T, are arbitrary functions of x™, which generate superdilatations. This is one
of the sets satisfying Eq. (54). On the other hand, for given functions 7(x") and V™ (x")
of x™, the vector fields defined by

5 =TEM)+0(%), § = 0(p?), " = O(p?), (57)

n' =0, n° =0, n™ = V") + 0(p?) (38)

also satisfy Eq. (54). In fact, this set of vector fields generates a well known class of trans-
formations called supertranslations and superrotations. See Appendix C for a comment
on the integrability of the charges for this algebra. As a first trial, let us analyze a simple
algebra containing the above two known cases, which is given by

£ = ROM) 4+ 1Gi(xM) + O(p?), £° = (H(xM) + t1(x"))p + O(p?),
M = KM () + 0(p?), (59)

n' = B(xM) +1G(x") + O(p%), n° = (Hy(x) + t1(x))p + O(p?).
™ = KM (xN) 4+ O(p?). (60)
in the rest of this section, where F;(x), G(x™), H,(xM), J(xM), and KM (x") are arbitrary
functions of x™.

Step 3 For an arbitrary set of vector fields with asymptotic behavior in Eq. (53), the pre-
symplectic current at the background metric given in Eq. (16) can be calculated as

@'(8, £,8, £:3) ~ du <——VZJZ‘” [0, XM (3, Y —DyYN) — (X < Y)]) +0(1),

(61a)
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JQ 1
(3. £,8. £:3) ~ — Kf v, <§at Y 9, X' + DMYM</<2X’ — fiu XM
1
+ 58,Xp) + Sy XY+ (Bpfia — 3afip) XYE — (X < Y))

+ 9y <@ (=Y + fin YV —3,77) 9,XY — (X < Y)])

K

+ O(p), (61b)
J/Q
oM@ 8 £:0)~ L0 (30 (1Y = DY) - (X < 1)
+ dy (——Vf?'ﬁ [0, YMaXV — (X < Y)]) +0O(1) (6lc)

for p — 0.
The components of the commutators of the vector fields in Egs. (59) and (60) are calcu-
lated as

[€.0] = (R G — GiB + KMoy P — Koy F) + 1(K{" 0y Gy — K30y Gr) + O(p*)
&, 0] = {(FiJ2 — 1B+ KMoy Hy — K3 9y Hy)
+1(G1Ja = 11 Gy + KMou s — K ou 1)} o + Op?)
(£, m" = (KoK — K anK{") + O(p?) (62)
for p — 0. Thus, let us define the closed algebra A’ including &, 7 as
A= {1 = (FOM) +1G (M) + O, p (HM) + 17 (M)
+0(?). KM (V) + 0(p7)} (63)
In this case, since we have
0'(8 £,8.£:8) = O(1), 0’ (g. £, £:8) = O(1),
oM(g,£,5.£:8)=0(1) (p—0) VnseA (64)

from Egs. (61a)—(61c), Eq. (41) is not satisfied. Thus, A’ is not suitable for our purpose.
From Eq. (61b), it immediately turns out that if we impose an additional condition

DyKM =0, (65)

then we get w”(g, £,8, £:g) = O(p) and hence Eq. (41) is satisfied. This condition in
Eq. (65) means that we pick up only a divergenceless part in superrotation. Since

Dy (K onKy" — K oyK") = Dy K" DyK;" — Dy K3 DyK Y
+ KN Dy DyKM — K Dy DyKM
= KR nKF + KYDyDy K
— KV Ry nKE — KYDyDy KM
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holds, the algebra
A={V = (F&x™) +1G(x™) + O(p?), p(H(x")
+ tJ(xM)) + O(p*), KM (xN) + O(p?)) | DK™ = 0} (66)

is closed. Therefore, instead of A’, we hereafter adopt A. Since Egs. (28) and (41) are
satisfied for A, the charges are integrable and form a non-trivial algebra.

Step 4 Let us investigate the algebra of charges for 4. For simplicity, in the following, we
will analyze

—2p?+ 0" OY)  fupP+ 0" fiep* + O(p?)

ey 1ron T o0 00
@)=L r 2 r00h  0pH  4+00Y O(p?) (©7)
fiop® + 00" O(p?) O(p?) Asin® 0 + O(p?)

as p — 0 in the coordinate system (z, p, 0, ¢) (0 <0 < 7,0 < ¢ < 2m) for D = 4. In this
case, the induced metric on the horizon is given by ds?|y5, = A(d6? + sin® 0d¢?), where A
> ( is a parameter describing the area of the horizon.

Functions characterizing an element in A in Eq. (66) can be expanded as follows:

FO,¢) =Y amYin®,¢), GO,)=>_ binYin(®,¢), (68)

Im Im
HO,9) =) cinYin(0,¢), JO,0) = dnYm(®,9), (68)

Im Im

1
K40, 9) = =P 000, ¢), W(0,9) =) emYin(0, ), (68)
Im
where
w [QLED U =m) n

Yin(6, ¢) = (=1) \/ T Ty (cos0e ’ (71)

is the spherical harmonics, P/"(cos #) are the associated Legendre polynomials, and

€ = —e? =1, (72)

e = ?? = 0. (73)

All the independent generators are listed as

I = Y0, (74a)

D = 1¥,,0, (74b)

T = pYind,, (74c)

T = 1pYynd,, (74d)

TR = ﬁ (36 Yimdy — 5 Yimde) » (T4e)
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where we have omitted O(p?) in each component of the generators since it does not affect
the algebraic structure nor the calculation on the constant term K(&, n) in Eq. (33). Their
commutators are calculated as

[T T 1= 0. (T2 00T =3 Gl T (75a)
[T T =0, [ 2T =3 G gy, (75b)
[T T ] = = D Chottns T (75¢)

[T T 1 =0, [0, 70P] =0, (75d)
[T i1 =3 Gl iy, (75¢)

[T Tl = =D Choit i T (75f)

[T g =0, [2”, gl =0, (752)
[T i) == > Cht e, (75h)

[T 7] =0, (750)

[ Tl ==Y Clindiins, (75))

[T o] = D Clrtina T (75K)

l//”,l// 1//’n// . . . .
where the structure constants G}, and C; ") . satisfy the following relations:

_ l//nl// l//n1// _ l//m//
lem Yl/m/ - Z Glml’m’ le”m”» Glml’m’ - Gl’m’lm’ (76)
l//m//
1 iU
l ! 220! l// i 1// i
Siﬁ (89 Ylm8¢ Yy — 8¢ Y9 Yl'm’) = Z Clmr;q’m’ Yy, Clm’?m’ = ’lZ/llm‘ (77)
[//m/!

From Eq. (54), we find that there are two non-vanishing Poisson brackets evaluated at the
background metric. One of them is

A " /! 2][ T
(t,1) (p,1) _ I"m .
(el 1| L_y = %G,m,,m, /O /0 Yo singdodg,  (78)
while the other is
A " /! 2” T
(R) (R) _ "m
(a0, 1[I ‘g_ == 2 Cli [0 fo 20y fio Yiwdodg.  (19)

l//nl//
By using these formulas, let us investigate whether the algebra of the charges is a central
extension of the algebra of the vector fields. For the latter Poisson bracket in Eq. (79),
shifting the charge by a constant as

A 2 Ed
7 . (R)
H) = 1+ e [ 20t Yindods. 0
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Eq. (79) can be rewritten as
{H/ [J(R)] H J(R) } Z cm Jl(f)”] (81)

Im I'm’ Iml'm’

This redefinition of the charge does not affect other Poisson brackets. On the other hand,
for the former one in Eq. (78), we may redefine

A 2 T
T y(p.1) (p,1) .
H'[J>7] = H[J) ]+ " /0 /0 Y sin0dode, (82)
so that Eq. (78) is recast into
{ [Jl(rtnl)] H/ Jl(’Z1l) } 2 : Gg;/nl’/;n H/ Jl(pml)] (83)

l// /!
However, since { [J(p 1)], [J(R) H = 0, this redefinition affects another Poisson
g

Im I'm’

bracket in such a way that
() 1) = = i LG

I"m"”

" // A 2” T
_ (p 1) .
= Z Clintrnr ( [ — r—— /0 /0 Yy SIN 9d9d¢)

1"m"
(84)

holds. Thus, these constants cannot be absorbed into the generators by redefinition. They

are calculated as
.1 . 2w T
Klml’m’ = {H[J( )], H[J(p )]} ‘ = / / sin ¢ Ylm Yl’n?’d9d¢
0o Jo

Im I'm’ z 87 Gx
A 2 b4
= S ee (=1 /0 /0 sinfY, Y,,(fm,)dedqﬁ
A
— — 1Y 811 S - 85
- G/c( )" 811 8m(—mr (85)
Summarizing the above arguments, we finally get the following charge algebra:
" A
(1) (p,1) I"m (p.1) m .
{H[Jlm ]’ ‘]l’m } IX:WGlml’ H JZ”m ]+ m(_l) 8”/5’”(—’"/)’ (86)
others are isomorphic toAin Egs. (75a)—(75k) except for Eq. (75¢). (87)

Since A # 0, the algebra of the charges is a central extension of A. Equations (86) and
(87) are the main results in this section.

6. Summary

In this paper, we have developed a new approach to investigate asymptotic symmetries by modi-
fying the protocol proposed in Ref. [12] by the authors of this paper and a collaborator. The key
ingredient of our approach is making use of Egs. (28) and (41) to find the algebra A of vector
fields that generates transformations of asymptotic symmetries with non-trivial and integrable
charges. As we have seen in Sect. 4, Eq. (41) provides a sufficient condition for the charges to
be integrable, which can be checked at the background metric. This is a significant difference
between the modified approach and the original one in Ref. [12], which saves the efforts of cal-
culating all the diffeomorphisms generated by .4 required in the latter approach. As mentioned
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in Sect. 3, the Poisson brackets of the charges can be calculated at the background metric and
hence the algebra of the charges can be fully identified without calculating the diffeomorphisms
generated by A explicitly.

In Sect. 5, as a demonstration of our approach, we have investigated asymptotic symmetries
of spacetimes with the Killing horizon with metrics in Eq. (51). We found that a new algebra of
supertranslations, superrotations, and superdilatations in Eq. (66) yields a non-trivial algebra
of integrable charges. It is proved that, for the algebra in Eq. (66), we have to eliminate the
rotationless part of superrotations to obtain integrable charges. As a particular example, for (1
+ 3)D spacetime with metrics in Eq. (67), we explicitly calculated the algebra of charges, which
is shown to be a central extension of the algebra of the vector fields.

It should be emphasized that our approach can be applied to any spacetime as long as we
consider the diffeomorphisms that do not shift the boundary on which charges are defined. In
particular, as we mentioned in the introduction, microstates classified by asymptotic symme-
tries on a horizon are a possible origin of the Bekenstein—-Hawking entropy. Our algorithmic
approach is powerful for listing such asymptotic symmetries. The discovery of new asymp-
totic symmetries will lead to a better understanding of the nature of gravity and the spacetime
structures, as the asymptotic symmetries in anti-de Sitter spacetime found in Ref. [20] led to the
development of the AdS/CFT correspondence [22].

Of course, it should be noted that there may be asymptotic symmetries that cannot be found
in our approach since Egs. (28) and (41) are sufficient conditions for the charges to be integrable
and form a non-trivial algebra. Nevertheless, we expect that the approach proposed in this paper
will helpful in finding new asymptotic symmetries, as demonstrated in the example in Sect. 5.
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A. Duality between a diffeomorphism and a coordinate transformation of tensor fields

We here give a brief review of the duality between a diffeomorphism and a coordinate transfor-
mation of tensor fields. Let M and N be D-dimensional manifolds. We consider a C* map ¢:
M — N and the pull-back g = ¢*2. We take charts (U, ¢) around p € UC M and (V, ¥) around
q = ¢(p) € VCN. Each coordinate system is denoted by

o(p) = (X"(p). ... x""'(p)) (A1)

¥(g) =09, .. " (@) (A2)
The components of the metrics g and g are related as
_ ay* 9y’
8u(X(P)) = Zpe V(@) =
where g, = g, (x(p))dx"|,®dx"|, and g|, = grpg(y(q))dy”}q ® dy°|,. Since Yo is a smooth

function M — R?, we can introduce a new coordinate system around p € M:

(A3)

Y op(p) ="(p),....x""(p)). (A4)
From Eq. (A3), the metric g satisfies
(@) = gu (' (p)), (A5)
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where.g|, = g, (X (p)).dx"|,®dx"|,. This means that the components of g|, € 7N ® TN ina
coordinate system v : N — R? are equal to the components of g| » € TyM ® T;M in another
coordinate system ¥ o ¢ : M — R”. Note that

V=2(9) = vV—gx'(p)) (A6)
also holds, where g(x'(p)) and g(y(q)) are the determinants of the metrics.
In general, for the pulled-back (r, s)-tensor T = ¢* T, we have

e gt Qg 9y
L fh _ L1 Pr .. PPN
T vl..,v‘\_(x(P)) =T alwo_q(y(q)) dyP oyPr gx aXVs

e alad S 2 ey

r b, (@) = TH1, L (X (D). (A8)
Equation (A8) shows the duality between the active viewpoint, i.e, a diffeomorphism, and the
passive viewpoint, i.e., a coordinate transformation, on an arbitrary tensor. We can show

(A7)

¢ (Vi )|, =V, T|, (A9)
where x € Ty,)N, T € T,M® ® T, M®" is an arbitrary (r, s)-tensor and we have defined
x=¢"x € M, T:=¢*T € T,M* @ Ty M*. (A10)
Since
ACHIE ] (A1)
holds, we get
¥ (Tited)| = Vikeq] (A12)

where g =¢*ge T)M ® T;M and V and V denote covariant derivatives compatible with g
and g, respectively. As a consequence, each component satisfies

#72)((9(P) = (£,8)u(x' () (A13)

(Vi£:8) ((@(P)) = (V£eg)n (X' (p)). (Al4)

B. The asymptotic behavior of x'(y)
In this appendix, we show that for the algebra A whose elements satisfy Eq. (40), Eq. (46) holds.
Let us fix a vector field in A such that

£ () = (0(1). O(p). O(1), ..., O1)) (p—0) (B1)

and consider its integral curve defined by

o) = expbEl = 3 e, (B2)
where the action of £” on a function of y* is recursivjlsl defined as
() =" WS (n=1,2,3,---), (B3)
1) = 1) (B4)
Defining
ol a0) = T E (BS)

we will show the following proposition:
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Proposition 1. For any n € N, it holds that
Oy (1) = (O(1), 0(p), O(1),...,0(1)) (p— 0). (B6)

Proof. We show the claim by mathematical induction with respect to n. For n = 0, Eq. (B6) is
clearly satisfied. Assuming that Eq. (B6) is satisfied for n = k, we have

A
@g;)hk_;_l()}) = k+ léwgk,k(y)

A
= ——£%09,(0(1),0(p), O(1),...,0(1
k+1§ (O(1), O(p), O(1) (1)
= (O(1),O(p), O(1), ..., O(1)), (B7)
where we have used Eq. (B1) and the assumption for n = k in the last line. Therefore, Eq. (B6)
also holds for n = k 4 1, concluding the proof. O
Since the integral curve generated by £# is given by
oL 0N =Y ok, ). (B8)
n=0
we have
¢, (1) = (O(1), O(p), O(1), ..., O(1)). (B9)

Next consider the map ¢§ y) = (pg; ,—1(»). In general, diffeomorphisms generated by A and
connected to the identity transformation are given by a product of such maps, i.e.,

Gz 0 Beer 0=+ 0 Bem)(y) (B10)

for some N and vector fields €D, £, ..., £ Let us analyze the asymptotic behavior for N =
2. For two vector fields

(67)" 0) = @), 0(p), 01, ... 0(1) (i=1,2) (B11)
as p — 0, we have

(P00 0 P:2)"(¥) = (O(1), O(p), O(1), ..., O(1)). (B12)

Repeating the same argument, it is shown that the asymptotic behavior of a general diffeomor-
phism ¢ generated by A is given by

P"(») = (O(1), O(p), O(1), ..., O(1)) (B13)
for p — 0. Therefore, the asymptotic behavior of the corresponding coordinate transformation
X (p) is also given by

X' (y) = (O(1), O(p), O(1), ..., O1)). (B14)

C. Supertranslations and superrotations
The commutators of vector fields defined in Egs. (57) and (58) are calculated as

6.1 = (VMo T — V" ou Th) + O(p?),
&, 1) = O(p),
[£. " = (VY owp3" =V an 1Y) + O(p?) (C1)
as p — 0. As a closed algebra including &, n, let us adopt
A=V = (T(M) +0(0?), 0(0*), VM (x") + O(p*) | T,V

are arbitrary functions of XM}. (C2)
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From Egs. (61a)—(61c), for any &, n € A, we have
@'(2,£,8 £:8) = O(1), (& £,3,£:2) = O(p), (g £,3,£:2) = O(1) (C3)
as p — 0. Therefore, the corresponding charges are integrable.
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