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1 Introduction

In many physically relevant situations one needs to formulate physics on spacetime with
boundaries. A boundary is a codimension one surface which cuts spacetime into two parts or
it marks the asymptotic regions where spacetime resides only in one side of this codimension
one surface. A boundary can be a physical object or be a hypothetical surface in the
spacetime with prescribed features. In general it can be spacelike (like Cauchy surfaces),
null (like asymptotic region of a flat spacetime or horizon of a stationary black hole) or
timelike (like AdS causal boundary or a codimension one brane in the spacetime or walls of
a cubic box in the spacetime). Depending on the physical problem and the properties of
the boundary we deal with different situations which may be formulated quite differently.

In presence of a boundary we typically need to add boundary degrees of freedom
(BDOF), degrees of freedom which reside on the boundary and do not propagate into
the bulk. For the case of a spacelike boundary, the boundary data is fully encoded in
the Cauchy (initial) data. In the case of a causal boundary, which will be the focus of
our study here, the BDOF can be dynamical ones, have their own independent dynamics
while interact with the bulk degrees of freedom. The role of BDOF is in part to ensure a



Figure 1. Depiction of a causal boundary at an arbitrary » = ry. We want to formulate physics in
the ‘outside’ r > ry region and excise the r < rg part. Unlike the null boundary case of [1], here
we can have both infalling and outgoing null rays passing through the causal boundary. In our
setting we allow for ‘local boosts’ which encode fluctuations of the causal boundary C,,, this adds
one more surface charge compared to the null boundary case. For the 2d and 3d cases we consider
here, however, we do not have bulk modes and hence there are no infalling or outgoing null rays.

prescribed boundary condition on the bulk fields. This, however, is not generically enough
to completely fix the BDOF and their dynamics. The first step in formulating the boundary
dynamics is to identify the BDOF. In gauge or gravity theories this identification for
hypothetical boundaries can be done through gauge or diffeomorphisms which nontrivially
act on the boundary.

Here, we will be interested in 2 and 3 dimensional gravity theories and causal (timelike or
null) boundaries, and consider cases where the boundary is a hypothetical surface which cuts
the spacetime into two parts; we will not consider the asymptotic boundaries, see figure 1.
Mainly motivated by questions regarding black holes, in a series of previous papers we have
analyzed a similar problem for null boundaries which model horizons: in [2] we considered
2 dimensional Einstein dilaton gravity and 3 dimensional Einstein-A theory, in [3] studied
3 dimensional topologically massive gravity and in [1] we considered generic D dimensional
pure Einstein gravity. In these settings we do not impose specific boundary conditions
on the null surface and allow for all possible fluctuations which leave the boundary a null
surface. Through a thorough boundary symmetry analysis within covariant phase space
formalism, we established that D surface charges as functions over the D — 1 dimensional
null boundary. These charges label the BDOF, which are one D — 1 vector and one scalar
field, on the null boundary. These charges satisfy an algebra which depends on the slicing
used for the solution phase space, and the BDOF fall into representations of this algebra.



For the generic causal boundary where the boundary is allowed to fluctuate along
the transverse directions, here we establish that for D = 2,3 dimensions, there are D + 1
charges, associated with two scalar fields and a vector field along the D — 1 dimensional
boundary. The extra scalar compared to the null boundary case is associated with the
fluctuations transverse to the boundary; in the figure 1 this corresponds to ‘transverse
supertranslations’ which encode fluctuations of the causal codimension 1 boundary C,,. We
work out boundary symmetry algebras and charges and the associated central terms. While
the algebra of charges generically depend on the slicing of the phase space, we show that
there exists a slicing in which the two scalar charges satisfy a Heisenberg algebra.

At a technical level to perform the analysis we need to address various issues within
the covariant phase space formalism, most notably the so-called W and Y ambiguities,
which as we discuss, we prefer to call them “freedom” in the definition of charges instead
of ambiguities. In particular, we fix the Y-freedom to fulfill the physical expectation that
the symplectic form, surface charges and their algebra are independent of the position of
the causal boundary.! The covariant phase space method yields charge variations over the
solution space. We use Barnich-Troessaert (BT) method [6] to separate the charge variation
into an integrable part and a non-integrable “flux” part. We fix the W-freedom such that
the integrable charges obtained from the BT method to be identical to the Noether charge.
We argue that this should always be possible and is not limited to the specific examples
we analyse. This is compatible with and confirms the proposal made in [7]. Moreover, as
conjectured in [2] and established in [1], integrability of charges in general depends on the
phase space slicing. In particular, for the D = 2,3 cases where there is no propagating bulk
degree of freedom, we expect there should be slicings of the phase space in which charges
are integrable. We present integrable slicings for the D = 2,3 examples and discuss the
charge algebra in these slicings.

This paper is organized as follows. In section 2, we present a quick review of the
basic computational tools. We review covariant phase space formalism and computation of
symplectic form, charge variations, the Barnich-Troessaert method, computation of Noether
charges and the W and Y freedoms, the notion of adjusted bracket and the change of slicing
over the solution space. In section 3, we analyze solution space and boundary symmetries,
charges and algebra for a 2d scalar-tensor gravity theory in presence of a causal (null or
timelike) boundary. In section 4, we study a similar problem for the 3d Einstein-A theory.
In section 5, we discuss further our results and give an outlook.

2 Boundary charges analysis toolkit, a quick review

We use covariant phase space formalism [8-10] to compute surface charges associated with
the boundary symmetries. After a quick review of the formalism, in subsection 2.1 we
discuss the freedoms (also called ambiguities) in this formulation in the derivation of the

'n [4, 5] a similar problem for the 2d dilaton gravity and the AdSs gravity with asymptotic boundary is
studied. It was shown in [5] that one can get 4 codimension 1 charges and the charges can be made finite
(and essentially independent of the AdSs radial coordinate) upon an appropriate choice for Y-freedom.



surface charges. In subsection 2.2 we discuss two other technical issues, namely adjusted
bracket and change of slicing within the formalism.

2.1 Charges and their freedoms in covariant phase space formalism

Consider a covariant Lagrangian together with a boundary term
L[] = Lo[p] + OuLisay [, (2.1)
where ¢ denotes generic fields we have in the problem. One can read symplectic potential,
OF 55 ] = OF [0w; @] + 3Ly, [#] + 0, Y [6¢; ], (2.2)

where ©F [p;d¢p] is the Lee-Wald symplectic potential [8] and Y is a skew-symmetric
tensor density of weight +1. This Y-term is not specified from the first principles of the
covariant phase space formulation [9] and is a freedom (ambiguity) in the analysis and one
should fix it through other physical requirements, as we will do for 2d and 3d examples in
the next sections. The boundary Lagrangian may also be chosen freely. It is usually fixed
through requirement of variational principle plus adopting certain boundary conditions.
In our analysis we primarily imposed neither and hence there remains another freedom
(ambiguity) in reading the symplectic potential, the W-freedom.? We have to fix this
freedom upon another physical requirement.

Using the symplectic potential one can define the symplectic form (see [9] and appendix B
of [1])

Q[d1, d2¢0; ] ::/c APz, wh 1, Saip; ), 2.3

wH (1, bap; 0] := 010 [d2ip, @] — 520H[010p, ]

where C, is a (partial) Cauchy surface which is the codimension 1 boundary of our spacetime.
In our examples we will parameterize the spacetime by coordinates r,v,z% and C, is a
constant r surface.

Let us suppose that the symmetry generators £ (which are just a subset of diffeomor-
phisms in our setting) map a given set of solutions, the solution space, onto itself. That is,
for any field configuration ¢ in the solution space, ¢ +d¢¢ is also in the solution space. Given
the symplectic potential one can compute the Hamiltonian generators (charge variations)
associated with the symmetry generators £ [9]:

$Qe[b0, b ¢ :=/C APz, w5, Se; ). (2.4)

By the fact that the symplectic current is conserved on-shell, 9,w" ~ 0, and by virtue of
the Poincaré lemma, w0y, de; o] = 0, Q¢ [0p; ¢], we get

$Qc = ]{3 Q" [0¢; ] dap (2.5)

2Here we have used the terminology of [10] for this kind of ambiguity/freedom. In other words, Lﬁdy =Wh.



where C,.,, is a codimension 1 section on the boundary of C,, i.e. a codimension 2 surface in
spacetime; C,, is the codimension two surface at constant 7, v, i.e. a constant v slice at the
causal boundary, and

o = Qe+
V[, 0¢; ) := 0Y M [0¢; ] — 0cYH [00; 0] — YHY 503 0] -

Q’: Vl:, ¢ can be directly read from the Lagrangian we start with. We note that the above

formula for the surface charge variation which involves an integration over C,, is written

(2.6)

for generic dimension D. For the 2d case C,,, is a point and hence there is no integral. As
such the charge variation 6@5 in general is a function of v and r. Note that the charge
variation involve §©#, the boundary term Li,, (and hence W-freedom) do not contribute
to the charge variation computed within the covariant phase space formalism, while Y-term
affects it.

Barnich-Troessaert (BT) charge-flux splitting. The charge variation (2.5) may not
be integrable, i.e. there may not be charges Q¢() such that §Q¢ = §Q¢(p). While the
(non)integrability in general depends on the adopted phase space slicing, e.g. see [1-3, 5, 11],
one may try to split the charge variation ;5@5 into an integrable part and a flux part,

§Qc = 5QL + Fe(69). (2.7)

The right-hand-side in the above has clearly an ambiguity/freedom in the charge-flux

separation, one can shift Qg by an arbitrary function A¢ and shift F¢ by —6.A¢. To fix this

freedom, Barnich and Troessaert made the following proposal [6]: Qé, F¢(d¢) should be
such that they satisfy,

06, Qk = {Qh,Qh ) —Fe,(06,9) (2.82)

BT
I I _ Nl
{le ’ Q£2 }BT - Q[§17§2]adj. bracket + K§1 ’52 (28b)

where K¢, ¢, is a possible central term and the “adjusted bracket” is a Lie bracket of
symmetry generators & which is adjusted for possible field dependence of the generators,
see [12].

Noether charge. One may also compute the Noether charge. Noether method, as
compared to the ones discussed above, yields the charge itself and not the charge variation.
While not having the integrability issue, it is prone to W-freedom as well as the Y-
freedom. From the standard Noether analysis we can read the following Noether current
for diffeomorphisms

Je ] := ©F[0¢wps 0] — E"Lgp]. (2.9)
It is easy to show that the Noether current is conserved on-shell, ﬁng ~ 0, and by using
the Poincaré lemma we get, Jg = &,Ng Y. Considering possible contribution of W and Y
terms, the Noether charge takes the form

New= [ dau NE©with NEY = N Yo ]2 (2.10)

where WH# is a vector density of weight +1.



2.2 Adjusted bracket and change of slicing

In this subsection we review the notion of adjusted bracket [6, 12] and the change of slicing
over the solution space [2], see also [1, 3, 13, 14].

Adjusted bracket. Let { = £#0, denote the set of diffeomorphisms which nontrivially
act at the boundary and hence rotate us within the solution phase space of the theory.
The vector field £ (and its components £ can in general depend on dynamical fields ¢ and
parameters u® which label the solution space, £ = £[u%; ¢]. As we will review below, such
field dependence naturally arise in change of slicings. Since £ move us on the solution space
taking ¢ to ¢ + d¢p, when making two successive transformations one needs to account for
the variation of fields in the argument of £#(yp) and “adjust” for it. In particular, to read
the algebra of symmetry generators we need to define a new, adjusted bracket [12, 15],

61, 2] bracrer = [61,E2] — 0 €2 + 0,61 (2.11)

where the first term is the standard Lie bracket and § denotes variation due to field
dependence of . It is easy to show that the adjusted bracket satisfies the basic properties
of a bracket. It also reduces to the usual Lie bracket when diffeomorphisms are field
independent, 55 = 0.

Change of slicing. From the covariant phase space formalism, one can get the following
expression for the surface charge variation associated with the symmetry generator &,

$Qe = /dD‘% G'0Q; . (2.12)

where G; are a linear combination of symmetry generators u® with field dependent coefficients,
g, = Z# Gialt®, Gia = Gia(@). A change of slicing, a change of coordinate on the solution
phase space, amounts to redefining (); as

Qi = Qi[Q;,0"Q;], (2.13)

such that the total charge variation 6@5 remains intact. To ensure this requirement, one
should transform G; accordingly,

§Qe = / dP22 Gi5Q, — / dP~24G150);. (2.14)

This requirement is fulfilled if

5 9Q;

Gi =M G, M; :
’ 0Qy

= (2.15)

Some comments are in order:

1. Change of phase space slicing, as defined above, should not change physical observables
over the solution phase space, while in general it is expected to change the algebra of
charges. That is, the algebra of charges Q; and that of Q; are generically different.
However, there could be certain changes of slicing which amount just to a change of
basis of the charge algebra and does not change the Lie algebra of charges.



2. Upon a change of slicing the algebra of charges need not remain a Lie algebra. That is,
commutator of charges in a new slicing may lead to a function of charges which is not
a linear combination of charges. Put differently, structure ‘constants’ of the algebra
may also be field dependent. In such cases the associated symmetry generators (with
the adjusted bracket) form an algebriod and not an algebra.

3. All deformations of the algebra, see [16-19] for discussion and analysis, are examples
of changes of slicings.

4. A change of slicing not only can change the algebra, but it may also change the central
charge.

5. More importantly, a change of slicing may take a non-integrable charge to an integrable
one. This is possible if there exists a change of slicing in which G; is field independent.
In the next sections we have given some examples of such integrable slicings.

6. Existence of integrable slicings amounts to the absence of ‘genuine fluxes’, fluxes
associated with the bulk modes passing through the boundary [1-5, 5, 20]. One should
also note that integrable slicing, if it exists, is not unique and there exists many
integrable slicings.

3 Causal boundary symmetries, 2d case

The two dimensional dilaton gravity we consider is described by the action®

= Tor G/d%\ﬁ [® R — X(®)] (3.1)

where R is Ricci scalar, ® is the scalar field and X (®) is the potential term. The field
equations for this action are given by

1
0= V,.V,® — 59,09, (3.2a)
0=0® + X, (3.2b)
dX
— R 2
0=R % (3.2¢)

The Jackiw-Teitelboim (JT) gravity is within this family with X (®) = 2A® , where A is a
constant. Another member of this 2d gravity family is the one obtained from dimensional
sb=2,

reduction of D dimensional Einstein-A gravity over an Explicitly, consider the

reduction ansatz,
432 = &~ 2>g de dz¥ + ©D A0 _,, (3.3)

where p,v = 0,1 and dQ%F2 is the metric of a round unit radius SP~2. Upon reduction
one obtains a 2 dimensional action (3.1) with X (®) = 2A &'/ (P2 — R~/ (P=2) where
A is the cosmological constant and R is Ricci scalar of round unit sphere SP?~2. For the
particular case of D = 3 which will be discussed in section 4.5, X (®) = 2A®.

3See [21] for more general class of 2d gravity theories and surface charge analysis.



3.1 Solution phase space

There are three components of the metric and one scalar field. Two diffeomorphisms can be
used to fix two of these functions. Two independent components of equations of motion (3.2)
can then be used to determine two functions among four. One can solve these equations
directly, but it would be easier to use diffeomorphisim to construct solution phase space.
Let us choose one of the coordinates x such that ® = x. One can show that a generic
solution admits a Killing vector field k¥ = €V0,90,, where ¢/ is the Levi-Civita tensor.
We can choose the other coordinate y to be affine parameter along the curve generated by
Killing vector field. In the x,y coordinate system, therefore, k = 9/0y. The most general
solution in this coordinate system takes the form

ds? = 2dx dy + (X +m) dy? (3.4)

where X = dX/d® and m is an integration constant and we choose X such that X'(0) = 0.

The Killing vector field & is timelike if X +m > 0. While m is a constant over spacetime we

allow it to vary over the solution phase space (i.e. m has parametric variations, dm # 0).
The most general solution phase space can be obtained by setting

x = ®(v,r), y=U(v,r), (3.5)

with non-zero Jacobian, i.e 0,90,® — 0,99, ¥ # 0. Starting from metric (3.4) with (3.5),
we get

ds® = 9,V [20,® + (X +m)d, V] dv? + 0,V [20,® + (X + m)d, V] dr?
+2[0,V0,® + 0,V0,® + (X + m)0,¥0,¥] dvdr.
In our analysis here, we restrict ourselves to a subset of the above metrics obtained by the
gauge fixing,
grr =0,  gur =n(v), (3.6)
which may be obtained through diffeos,

(v, 1) =Q+nAr, d\P:d—;j, (3.7)

where ;A are functions of v. In this case the metric can be written as
1
ds? = =V dv? + 2ndvdr, V=—3 (200,® + X +m). (3.8)

In our analysis we place the boundary at an arbitrary constant r slice and restrict ourselves
to a region of spacetime where V' > 0, that is a region where the normal vector to the
boundary is spacelike or null, or equivalently the boundary is causal. That is how we choose
the r coordinate. We therefore excise the spacetime at the boundary and analyse 2d gravity
on a part of spacetime bounded by a causal boundary. In this gauge the solution is specified
by three functions of v, 1, A, Q2 and a parameter m. For later convenience, instead of 1 we

1= 1In (’@)2 (3.9)

use function II defined as



One can recover the null boundary solution space of [2] by the extra requirement that
V vanishes at the boundary. Recalling (3.8), this may be achieved by solving A in terms of
the other two functions €2, and the parameter m.

3.2 Boundary symmetry generators

The vector fields preserving the form of metric (3.8) is

r

£ = T(v)0, + {Z(v)—2W(v)} o, (3.10)

where T'(v), Z(v) and W (v) are respectively v-supertranslation, r-supertranslation and
superscaling in r-direction. The Lie bracket of two vectors of the form (3.10) is

[E(Ty, Z1,Wh),&(Ta, Zay, Wa)| = &(T12, Z12, Wi2) (3.11)
where
Tio =T10,To — (1 < 2) (3.12a)
Zig = Tlﬁng—%Zﬂ/Vg —(1+2) (3.12b)
Wig = T10,Ws — (1 < 2). (3.12¢)

As we see v-supertranslations form a Witt algebra and r-supertranslations and superscal-
ings form a Heisenberg algebra. The above symmetry generators induce the following
transformation laws on fields parameterizing the solution space

1
d¢n = 0y(Tn) — oW
e = TO,Q + n\Z

Sell = —W + T, 11 — 227 (3.13)
SeAT = 0,(\TIT)
5§m =0

The last variation ensures that m only captures the parametric variation. The exact Killing
vector in this gauge takes the form

k= A, — 717[07,9 + 10, ()]0 (3.14)

As we see the vector k is not among the symmetry generators (3.10) in the chosen slicing
where T, W, Z are taken to be state independent. In particular, one can show that the
adjusted Lie bracket [6, 12] of k and the symmetry generators £ vanishes, [k, &].q; bracket = 0,
see section 2.2 for the definition of adjusted bracket.

Compared to the null boundary case studied in [2], we are allowing for the r su-
pertranslations Z0, that generate fluctuations in the one-form dr direction. These are
transformations which generate fluctuations parametrized by \.*

4The asymptotic symmetry analysis for 2d dilaton gravity has been considered in many previous papers,
see in particular [21, 22] and references therein. In these cases, as in our case, they allow for the dilaton ®
also fluctuate along the boundary. We thank Daniel Grumiller for a comment on this point.



3.3 Boundary charges, 2d analysis

Having the symmetry generators, in this section we apply the general analysis of section 2
to the 2d gravity case.

Symplectic form. The Lee-Wald symplectic potential for the 2d Einstein dilaton gravity
is given by

Ol [0g,5; g, B] = 1V6;g [® (V,h" — VP h) + ho D — b9, ®] (3.15)

whose component for the given solution are obtained as

167GOY, = Ay,

167GO1y, = Oy [0IIQ + 6 (P /—g) €] + %n +6 (BUCP +

DX — 2(X +m) (3.16)
T

For the JT gravity, 2& = X ® and the second term in the total variation term becomes ®
independent. We fix the Y-freedom upon the physical requirement that the symplectic form
(and hence the charge variations computed upon that) are independent of the position of
the causal boundary, i.e. they are r-independent. This physical requirement is well-justified
because the boundary is not a special place in the spacetime® and that in our analysis we are
including the Z transformation which generates displacements in r. The expression (3.16)
suggests the Y-term,

YH[6g,0®; g, @] = W et (3.17)
eliminates the r dependence of the symplectic potential. As discussed in section 2, W-
freedom (and the boundary Lagrangian) do not contribute to the symplectic form. With
this choice for Y-term, the symplectic form on the causal boundary is obtained as

1
s, 03] = 7o /dv [0, (5117 60) + 67" A 6im (3.18)

where ¢ = {Q,II,A;m} is the collection of fields appeared in symplectic form. We
stress that (3.18) is r-independent and hence we need not specify at which r the integral
is computed.

Charge variation. One can compute the charge variation using (2.5), to obtain

e )
$Qe = 1o (WOQ+22 6(QeV?) + T ( {om — 0,160 + 9,00T1 ) | (3.19)

In presence of a non-vanishing m, we have three surface charges.

®Noting (3.7), 2 = ®(r = 0) and therefore, the choice of Q is marking r = 0.

~10 -



Barnich-Troessaert (BT) charge-flux splitting. Using the BT method, we find

167G QE = WQ+2ZQe"? 4+ T (”; - Q&UH> , (3.20a)
167G Fe =T [~m6(A~) + 9,(Q011)] (3.20b)

with a vanishing central extension term, K¢, ¢, = 0. Let us suppose that the integrable part of
charges admit a Laurent expansion in power of v and denote the modes of charges associated
with the symmetry generators £(—v"*1,0,0), £(0,9™,0) and £(0,0,v™) respectively by
T, Z0, Wy, n € Z, explicitly,

W, = UHQ(U) . 2, = 20" Q(’U) eH(’U)/2 , Tn= _pntl ()\T(T;) — Q(’U)@UH('D)> . (321)

The charge algebra is then,%

{Tn7 Tm} = (n - m)Tm-i—n, (322&)
{Tnv Zm} = _mZnera (322b)
{Tna Wm} = _mwm—f—na (3.220)
{Zm Zm} = {an Wm} =0. (3.226)

The three integrable part of charges and also the flux F¢ we get from the BT charge-flux

separation equation (3.20), namely €, 20)e!1/2

,m/A—Q0,I1, are composed of three functions
in the solution space, 2,7, A as well as the parameter m. Recalling (3.20), one may verify

that commutators in (3.22d), (3.22¢) are satisfied if {Q(v),II(v)} = 167G.

Noether charge. The Lee-Wald Noether potential for the Einstein-Dilaton gravity is
given by

v V=Y v v
Niwe=—32 [ovirg 4 26y . (3.23)

To compute the Noether charge, we should add the adopted Y-term (3.17) to the expression
for the Noether charge (2.10). Doing so, one may see that the expression of the Noether
charge and the integrable part of the charge QE obtained in (3.20) do not match. However,
we note that there is still a W-freedom in the Noether charge. One can fix this W-freedom
upon the requirement that the Noether and BT integrable charge to become identical. One
can verify that a W-term of the form

1
WH =/—g |k + X((I)X —2X —m)nt (3.24)

where ny, dz# := —dwv is a null co-vector field, does the job and yields N¢ = N¢" = QE. We
note that a very closely related discussion and analysis for fixing the W and Y freedoms
has also appeared in [7, 23-27].

5This algebra can be obtained as a deformation from twisted double Heisenberg algebra, cf. [19].

- 11 -



Balance equation. The three integrable part of charges discussed above are functions
of v, and in particular, there is one of them associated with vector 0,, T =1, W = Z =0,
which may be viewed as Hamiltonian (generator of translation along v direction). One may
then rewrite (2.8a) for & = 9, and generic & = &, as follows,”

d
Q= 00,Qt + {@Qb, Qk} = —Fp, (Gegs ). (3.25)

This equation tells us how non-conservation of charges is related to the fluxes. Or al-
ternatively, it specifies how charges balance themselves due to the passage of the flux
through the boundary. We note that the flux 167G Fy, (0¢g; g) = 0y (Q20¢II) — d¢(m/N), is
not a ‘genuine flux’ [1, 2], as in 2d theory we are studying there are no propagating modes
with nonvanishing flux through the boundary. To understand this ‘fake news’ an analogy
with usual Newtonian mechanics can be helpful. In non-inertial frames there are Coriolis
type forces which are analogous to the fake new here. In our case, as we will see in the
next subsection, there are integrable slicing which could be viewed as ‘inertial frame’ in
our analogy.

In a similar way one may choose £ = d, with generic £&; = £. This yields %Qé =
63TQ£ + Q%a,.,g] = 0. This is of course compatible with the fact that the charges are
r independent.

3.4 Integrable slicing

As reviewed in the introduction, the absence of propagating degrees of freedom in the 2d
gravity signals existence of slicings in which charges are integrable. To this end, consider
the slicing

T

W=w-0IT+2"V%2 2z,  Z=0V?72+05,0T, T:X’ (3.26)

in which we assume that W, Z, T are field-independent, while W, Z, T are field-dependent
in the hatted-slicing. The surface charges in the hatted slicing become integrable:

167G §Q¢ = WoQ + Z6T1 + Tom. (3.27)

The charge variation in this slicing takes the form,

~

6O =12, §ll=-W, SN 1=09,T, dem=0, (3.28)

We note that the Killing vector k (3.14) in the hatted slicing takes a very simple
form: T = 1, W = Z = 0 and hence k is among symmetry generators in the hatted slicing.
One can directly check that m is the charge associated with exact Killing vector field k,
Q(k) = M =m/(167G). Note also that the hatted slicing is not the only integrable slicing
and there are many other such slicings.

"The charge variation and all the associated equations are on-shell. However, since we have explicitly
solved the equations of motion functions €, IT are independent, so for the balance equation usual and on-shell
equality are identical.
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The slicing employed in the charge expression (3.27) besides integrability of the charge
exhibits another notable feature: A does not appear in the expression of the charge. One
may show that this feature is not limited to the above slicing; there is no integrable
slicing in which A appears. Despite this fact, A is not a pure gauge, as it appears in the
symplectic form over the solution phase space (3.18) and also in the charge variation (3.19).
Nevertheless, recalling (3.18), we note that the canonical conjugate to A~! is m which is a
number and not a function of v.8 To understand this point better, we note that the most
general solution space of the 2d dilaton gravity has four functions in it and the solution
space with three functions and a number we discussed here, is a reduction of that phase
space where m is reminiscent of the fourth function of v we have fixed. A similar feature
appears once we consider the 2d case as a reduction of 3d theory over a circle, see next
section and in particular subsection 4.5. As another related comment, one may further
reduce the phase space by fixing A to a given constant, e.g. Ao, then Ay 1'is the canonical
conjugate to m. In this reduced phase space, only the zero mode of T, associated with 9,
remains as a symmetry generator.

Symmetry algebra. The symmetry algebra in the integrable slicing is given by

e(f2) € (B )], =€(Tm i) ()
where
T =0, Wia =0, Z19=0 (3.30)

Surface charge algebra. In the integrable slicing and in the absence of flux, one may
read surface charge algebra as

5E2Q§1 = {Q&’sz} = Q[Eu&] + K¢, ¢, (3.31)

where the central extension term is

1 I A A
Kego = 167G <W1Z2 - Z1W2) . (3.32)

The above charge algebra implies
{Qv),II(v)} = 167G. (3.33)

The mass parameter m commutes with all charges, as [k, {].qj. bracer = 0. This is in accord
with general arguments in [28] that all exact symmetry (Killing) charges commute with
charges associated with non-trivial diffeomorphisms.

8We note that our charge expression is exactly the same as the one appeared in section 6 of [21]. However,
the difference is exactly the fact that in our case the phase space is governed by 3 functions of v and one
parameter m, whereas in their case by 2 functions of v and one parameter.

9See [22] for a similar study in AdSs gravity and its asymptotic symmetries.
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4 Causal boundary symmetries, 3d case

In this section we study the causal boundary charges for the 3d Einstein-A theory, described
by the action,

16 S /d%\ﬁ 24) (4.1)

where R is Ricci scalar and A is the cosmological constant. In our analysis we do not fix
the sign of A, A § 0. The field equations for this action are

R, = —2Agu. (4.2)

4.1 Causal surface solution phase space

We adopt Gaussian null-type coordinate system in which v, r, ¢ are respectively advanced
time, radial and angular coordinates. The three dimensional line-element in Gaussian
null-type coordinate system is [1, 2, 11]

ds? = —V dv? + 2ndvdr + R? (do + Udv)2 . (4.3)

where V, R, U are generic functions on spacetime and 7 depends only on v and ¢. We also
assume ¢ ~ ¢ + 27 and that all metric components are periodic functions of ¢. While v
generically ranges in R, we restrict the r coordinate to be larger than an arbitrary value r
at which we place our boundary, see figure 1. We assume that in the half of the spacetime
we consider V' > 0, so that J, is a causal vector and 0, is a null vector, and without loss of
generality we take 2,7, A > 0.

The gauge we adopt here to describe solution space is different from the ones that
has been widely used in the literature for the asymptotic symmetry analysis. Bondi gauge
introduced in seminal works [29-31] leads to the Bondi-van der Burg-Metzner-Sachs (BMS)
algebra as the asymptotic symmetries of asymptotically flat spacetimes. The BMS algebra is
enlarged in [6, 15] to include superrotations. Other extensions of BMS or Virasoro algebras
can be found in [4, 5, 32-34].

Equations of motion (4.2) specify the r dependence of fields as [2]

R=Q+Anr (4.4a)
1 8¢77 T
— 4.4
U=Ut 7~ e (4.4b)
1 2 T2 2R T d41

where Q, A\, n, T,U, M are functions of v, ¢. Moreover, (4.3) with (4.4) solve Einstein field
equations if,

. T
E g =DM + AN, (A?) +205U =0 (4.5a)

N

M

ET = 'DUT — )\a¢ ()\2

) +203(A) =0 (4.5b)
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w=-1|UY
w=20 n, T, W, Z 11, 0,
w=1 Q, X\, 0y

~ A

w=2 M, T

Table 1. Weight w for various quantities defined and used in this section.

where

2
T =T+ Q0,ll, H:zln(ng)\) :

(4.6)
. n\ 2 9N\ 02\
M =M+ QDI + (‘“7) +3(¢> _9le”
n A A
and the differential operators D,, and £;; which act on a codimension one function O, (v, ¢)

of weight w is defined through

D,y = 9,04 — LyyOy (4.7a)
LyOu = UBy04 + wO,d4U (4.7b)

where U is a function of weight —1. Weights of different functions can be found in table 1.
We remark that with the above conventions, R = Q(1 + ¢/2r) and the third order ¢
derivative terms in (4.5) come from substitution of other field equations to simplify these
equations. We also note that if f:= [ # A then the last two terms are —2S5(f, ¢), where S is
the Schwarzian derivative. One can treat these equations as equations for &/ and A\ which
only involve ¢ (and not v) derivatives of these functions. Finally, up to some functions of
only v, the solution space is spanned by four codimension one functions M, Y, 2, II.

4.2 Causal boundary symmetry

Let the boundary be an arbitrary constant r surface, C,. C, is a causal (timelike or null)
surface and we are interested in formulating physics in one side of the boundary which
contains 7 — oo, see figure 1. The vector field

- r T 1 ’176¢T 8¢T

preserves the form of metric (4.3) and hence moves us in the solution space constructed above.
This vector field is parametrized by supertranslation in v-direction T'(v, ¢), supertranslation
in r-direction Z(v, ¢), superscaling W (v, ¢), and superrotation Y (v, ¢). Under the action
of &, functions in the metric have the following variations

. 1

0¢n =Dy (T) +Y Oy — 5nW (4.9a)

JeA = TDyA — AD,T + 95(\Y) (4.9D)
. AO,T

bl = DY + =3 (4.9¢)
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5eQ = TDQ + 04() +nAZ (4.9d
¢ T m TOM + 2MOT + Y0, X + 2Y0,Y — 205T

Se M~ Y OpM + 2M0,Y — A(T0,T +2T704T) — 203Y
5eIl = —W + TD, 1227 4 Vo, (4.9g

where V =Y +UT and T = T/\ and ~ indicates on-shell equality in which equations of
motion (4.5) are used.

Causal boundary symmetry algebra. Since the causal boundary symmetry genera-
tors (4.8) depend on the field in solution space to compute their solution phase space Lie
bracket we need to adjust for the field variations [6, 12] (see section 2.2 for more details).
Using the adjusted Lie bracket we have

(T, Z1, W1, Y1), &(Ts, Z2, W2, Y3)] = {(T12, Z12, W12, Y12) (4.10)

adj. bracket

where
Tio = (T18 + Y18¢)T2 — (1 > 2) (4.11&)
AV (T18 + Y18¢)Z2 + §W122 — (1 <~ 2) (411b)
Wi = (T18 + Y18¢)W2 — (1 &~ 2) (4.11C)
Yo = ( T10, + Y1(9¢)Y2 — (1 > 2) (4.11(1)

One may wonder how we have fixed the quite non-trivial field dependence in the vector
fields (4.8). In fact, there are (infinitely) many other choices for symmetry generators and
their field dependence which rotate us within the solution space. The specific form (4.8) has
the feature that it leads to an algebra; there is no field dependence in (4.11). Other choices
typically lead to algebroids, where the expression in 113, Z12, Wi, Y12 are field dependent.
One should also note that the specific field dependence in (4.8), while special, is not the
only one which yields the algebra (and not algebriod) structure.

4.3 Surface charge analysis

Consider the Einstein-Hilbert Lagrangian Lo = Lgy[g]. The Lee-Wald symplectic poten-
tial [8] can be read as

V Iyl ]
K a (B
Ouwle:dgl = o=V (9"095) , (4.12)
For the Einstein gravity theory
v J A V] A v 1 v V| v
Qe = o G WA — VIR — Shve) 4 vt — gien (4.13)

is the ordinary Lee-Wald charge variation density. We are interested in surface charges
computed on a codimension 2 transverse surface X with binormal ¢*. The surface element
hence is dS,, = 1 5 R d¢. The surface charge variation on transverse surface can be

defined as §Q¢ := fz Q“V dS,,, where Q’g” = Qé“’/,/—g is a skew-symmetric tensor.
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In our case ¥ may be taken a constant v slice on the boundary C,. Therefore, in our
case X is a constant v, r surface C,,. The Lee-Wald surface charge variation reads

B 1
167G

< a0 (65H5Q+6§95H+(Y+L{T)6T+ faMMgnra,ﬁgan’“a@ﬁg) .
c’r,v

FQuw(€) (4.14)

The last two terms in the Lee-Wald surface charge variation (4.14) depend on the radial
coordinate and they diverge at infinity. As in the 2d case, we fix the Y-freedom such that
the symplectic form and surface charges do not depend on the arbitrary r at which the
causal boundary resides. This can be achieved by adding the covariant Y-term,

5 /—a
Y#[g;6g] = 167rG€ M. (4.15)

Upon addition of this Y-term, surface charge variation in the slicing defined by §T = §Y =

OW = 6Z = 0 becomes r-independent and takes the form
1
- Q+225(QeM?) 4 YT
§Qs 167rGjimd¢ (Woe +225(9e"%) + Y3

+T (=D 102 + UST + Dy 1T+ A6 M) | (4.16)

BT integrable-flux splitting. The charge variation (4.16) in the adopted slicing is
clearly non-integrable. One may use the adjusted bracket method of Barnich and Troes-
saert [6] to separate integrable Qé and flux F¢(dg; g) parts, see section 2. Applying the
adjusted bracket to the charge variation (4.16) yields,

1 .
Qb= /d¢ (WQ 2202 LY THT(DIQ+UYT + A M)], (417a)
Fe(5g;9) = ﬁ / 46 T [~ ME(A™") — Y 6U+QID,IT + 6TID, 0] . (4.17b)

The central term reads as
1 1 3 3
Koo =35 & / de [Tza(,,(Yl +UT) — T104(Ya + uTz)} : (4.18)

While with the field dependence of (4.8) has been chosen such that the adjusted bracket
of symmetry generators (4.10) are field independent, the “central term” K¢, ¢, (4.18) is
field-dependent, as it depends on A and U. Therefore, the BT bracket of charges form an
algebroid, rather than an algebra. Despite of this fact, as we will see, one may use this
slicing for the balance equation.

The above charge-flux separation works for generic values of A. For a vanishing
cosmological constant A = 0, however, one can use the A-freedom, cf. section 2, to remove

the field dependence of the central term. In particular, for

1
ngm/dqs [WQ+2ZQeH/2+YT+T(DUHQ+Z/{T)] , (4.19a)

1 .
Fi(3:0) = 75 / AT [\"16N1 — X SU+Q5D, 11 + 511D, 9] . (4.19b)
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we get K¢, ¢, = 0for A = 0. Let us assume that the integrable part of charges admit a Laurent
expansion in power of v and perform a Fourier transformation in ¢ and denote the modes
of charges associated with the symmetry generators &(—v"+1e™™® 0, 0,0), £(0,v™e'™?,0,0),
£(0,0,v™e™®,0) and £(0,0,0,iv™e™™®) respectively by Trms Znms Wams Ynm, n,m € Z,
explicitly,

1 2

Wn,m = 5 dqbvneimqbg(v’ ¢)a
21 Jo
1 2 .
Zom = Py de v™e™? Q(v, ¢) 19)/2,
T
| 0 » (4.20)
- iy e meY
Yo = 5= [ doinemT(w,0),
1 2w .
Tam =5 [ dv™ e (D11(0, )20, 8) +U(v,0) Y(v,0)).
0
The charge algebra yields,
{Tn,m7 Tk,l}MB == (n - k)Tn+k,m+l ) {yn,m ) yk,l}MB = (m - l)yn+k,m+l ) (4213)
{Tnms Zritus = —kZnikmtt Vo Zritus = 1 Zntkmil s (4.21b)
{Tn,m7 Wk,l}MB = _kWn—l-k,m—H ) {yn,m ) Wk,l}MB = _an-f—k,m-‘rl ) (421C)
1
{Wn,ma Zk,l}MB = §Zn+k,m+l ) {yn,m ) Tk,l}MB = lTn+k,m+l + nyn+k,m+l .
(4.21d)

The T ym, YVnm part of the algebra is diffeomorphisms on the 2d cylinder spanned by v, ¢,
Ac, and 2y, Wy, are in vector representation of the Ac, algebra. This result coincides
with the fact that in the flat limit of two Virasoro algebras at the Brown-Henneaux central
charge, we lose one of central charges [35].

Noether charge. The Lee-Wald contribution to the Noether charge, which is nothing
but the Komar charge density, is given as

i

Niwe=—5—o Vel (4.22)
As discussed, the Noether charge receives contributions from both W and Y terms. By
fixing the Y-freedom as in (4.15), and W-freedom as

A~

2A
167G W' =30, R, 167G W' = —% - TRQ—BDUR+38¢ (RU —RU), W?=0,

the Noether charge becomes identical to the integrable part of charge (4.17a).

Balance equation. The BT charge-flux splitting (4.17) written for {&; = 9, and generic
&5 yields the balance equation:

d

@Qé = 09,Qt + Qlo, o ~ —Fo,(0c; 9) + Ke o, (4.24)
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Let us denote the charges as
. I
Q = / do Q.

Considering time derivative of surface charges associated with £ = £(7,0,0,0) and £ =
€(0,Y,0,0) we find

d I = I _— 71 A _1 ~

9 = /dd)DUQT e /d¢T(ueT +A7 ) (4.25a)
d oy _ 1 )

L9 = /ddﬂDUQY 16nC /dquET. (4.25b)

and for £ = £(0,0,7,0) and & = £(0,0,0, W) the balance equation yields two identities
iQI = [ d¢ D,O! iQI = [ d¢ D,0Q! (4.26)
dU z v A d'U w v w? .

The above, especially (4.25), makes it clear that the balance equation is a manifestation of
the equations of motion projected and computed at the boundary, £ =0 &, = 0.
Thanks to the Y-freedom, we also have a simple balance equation in the radial direction

d

Qe =00,Qg +Qpp, g =0 (4.27)

The above is a consequence of r-independence of surface charges, as we had in the 2d analysis.

4.4 Surface charges in integrable Heisenberg slicing

There is no bulk propagating degree of freedom in 3d gravity and hence there should exist
slicings in which the surface charge variation is integrable. To see this, consider the change

of slicing,
- R N . T
Z = 0¢82, W = =611, Y=Y +UT, T:X’ (4.28)
in which the surface charge variation takes the form
1 o ~ NN A oA
= — Q4+ Z5IM+ YT +T . 4.2
5Qe 16wG}€T7vd¢(W6 + 2811+ V5T + ToM) (4.29)

The above is manifestly integrable if we take the new symmetry generators (4.28) to be
field independent, i.e. if we assume 67 = §Y = 6W = 67" = 0.

Causal boundary symmetry algebra. Using the adjusted Lie bracket we have

[f(Tl, Zla Wla };—1>’ £(T27 227 W27 ?2)]adj. bracket £(T12? 2127 W127 ?12) (4'30)
where
le = T18¢Y2 — }726¢T1 — (1 — 2) (4.31&)
?12 = Y18¢f/2 — AT18¢T2 — (1 < 2) (4.31b)
Z12=0 (4.31c)
Wiz =0 (4.31d)
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Surface charge algebra. The charge algebra in the Heisenberg slicing is

I I _ Nl
{le ? QéQ }I\/IB - Q[§1>£2]adj4 bracket + K§1’§2 (432)

where
1 A N A N 1 AA AA
Kfl,fz = % fé d(b (TZQ:;YI - T18(§Y2) + @ fé d¢ (ZQWl — Z1W2) (4.33)

The explicit form of the algebra is given by

{Q(v, ). (v, ¢')} = 167G 6 (¢ — &) (4.34a)
{Tw,0), T(v,¢)} = 167G (T (v, 80 — T(v,6)0) 8 (6 — &) (4.34D)
{M(v,9), M(v,d)}:—wwaz\( (v,6)0p — T(0,0)0y1) 6 (6 — &) (4.34c)
{T(v,6), M(v,8)} = 167G (M(v,¢)dy — M(v,0)0y —203) 5 (6~ &) (4.34d)

Brackets not displayed vanish. For flat case, A = 0, the algebra (4.34) is direct sum of the
Heisenberg and the bmss algebra. The main deference between the bmss subalgebra and
the bmsg algebra obtained as the symmetry structure of asymptotically flat spacetimes in
3d [36, 37] is that the charges here have explicit v dependence while the structure constants
are still v independent. Put differently, for any constant v slice we find the same algebra
Heisenberg @ bmss algebra. For the A < 0, for any constant v slice, we get a direct sum
of Heisenberg and two copies of Virasoro algebras at Brown-Henneaux central charge (see
below). This matches the result found in [5] at asymptotic infinity for AdSs case. For the
A > 0, at any constant v slice, we get a direct sum of Heisenberg and the algebra obtained
in [38].

Pre-symplectic form. The r-component of symplectic potential (4.12) for our solution
space (4.3) is

167GO"[5g,g] = A" 5N — T U4 + 0, (mn)w{ AAR2+38 R]
(4.35)
+8¢>{ 8¢(25;>—R + 20 <T+R8¢’”)}.

20\ An?
Hence the pre-symplectic form [8] can be written as

5(nA?)
nA?

30U +U

1 ~ N
g, 093 9) = 1 /C dvdg [5(A7) ASM + 06U A 5T + D, (52 A 611)] (4.36)

The pre-symplectic form (4.36) still involves off-shell quantities and should be computed
over solutions of (4.3). The charge analysis shows that in 3d we can have at most four
co-dimension one charges, namely {M, Y, 2,11}, in the adopted coordinate system. A and
U do not lead to independent charge variations but the symplectic form assure that they
do not correspond to degeneracy directions on the phase space.

The last term in (4.36) involves 2 and its canonical conjugate II is a total v derivative.
We note that this part involves charges which form the Heisenberg algebra in the algebra
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of charges.!’ Therefore, this term may be absorbed into a Y-term. Such Y-terms were
dubbed as ‘corner term’ [7, 23-27].

Direct sum Virasoro slicing. For (A)dSs spacetimes for which A = —Z% # 0 (dS3 can
be achieved by analytic continuation of ¢ to imaginary numbers, £ — if) one can consider a
simple change of basis,

+¢) + T(v, £+ = = — 4.
Li0,0) = 1o (MM, %0) £ T, %0)) . S P (4.37)
and rewrite the pre-symplectic form (4.36) in terms of these new variables,

O[5g,8¢: g] — / dvdg [0UT AGLy +0U™ NGL_+8G D, (BSAGP)] . (4.38)

The pre-symplectic form indicates that chemical potentials conjugate to L1 are

1

= =+ U(v, ). 4.
Z/{ (U7¢) E}\('U,:l:(z)) Z/[('U, (b) ( 39)
In the new slicing the surface charge variation is
1 a N
5Q() = o ]4 Ao (W6S + Z6P + *oLy +¢6L.). (4.40)
Cryo
where 1.
4(0,0) = ;v %0) £V (1, +0) (4.41)
Transformation laws reads
0Ly = €T0yLo + 2L404¢ — %aj},ei. (4.42)
Equations of motion yield
QL — UYLy — 20,U* Ly + : —03U* =0, (4.43)

8G

and transformation laws for chemical potentials U* are
SeU™ = Oyes + eLOgUT — UFDyes (4.44)
and finally the charge algebra becomes
{S(v,¢),P(v,¢)} = *5 (6—¢) (4.452)
(Lo (0,6), Lo (0,6)) = 2 (ziw, #)0s— L(0:0)0 + 5508) 8 (0~ ¢))  (445b)

This algebra at any constant v slice is Heisenberg & Vir & Vir where Virasoros are at the
Brown-Henneaux central charge [39]. Using different change of slicing one could construct
several interesting algebra such as two copies of Heisenberg algebra or four copies of
Virasoro algebra.

9The same is also true for the 2d case, (3.18).
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4.5 Reduction to 2d

In this section we discuss how the 2d results may be obtained upon reduction of the 3d
over the circle parametrized by ¢. To this end, we start with metric (4.3) and suppress the
¢ dependence of all metric coefficients and rename R by ®(v). To get a 2d Einstein-dilaton
theory we need to turn off the off-diagonal v¢ term, i.e. U = 0, which in turn yields
U =0="T. Upon this reduction the 3d theory (4.1) reduces to 2d JT theory, i.e. (3.1) with
X = 2A®. In this case, (4.4) reduces to (3.7), (3.8) and the 3d equations of motion (4.5)
yield 9y M = 0 and is compatible with T = 0. One can therefore replace M = m =constant.
So, we recover the 2d solution space upon the reduction of the 3d solution space.

One may also directly check that the 3d symmetry generators (4.8) and likewise the
symplectic potential (4.36) and the Y-term (4.15) reduce to the 2d expression, respec-
tively (3.10), (3.18), (3.17). Therefore, the expression for the charge variations, associated
changes of slicing and the charge algebras are mapped on the 2d expressions.

5 Discussion and concluding remarks

We constructed solution space of 2d and 3d gravity theories in presence of a causal boundary
and thereby analysed symplectic form and charge variations over the solution space. We
fixed the Y-freedom in the charge variation and the symplectic form upon the physical
requirement that they should be independent of where we place the causal boundary.
Explicitly, we showed there exists a covariant Y-term which makes the symplectic form
and charge variation r-independent. This feature was also observed in [5] in an asymptotic
symmetry analysis in a similar 3d setting. Compared to the previous null boundary
analysis [2], we have an extra charge associated with r-supertranslations, we denoted this
charge by II. In particular, recalling (3.7) (or (4.4a)), a shift in r by ér amounts to a shift
in © by nA\dr. Therefore, IT and the charge associated with superscaling in r generated by
the W term in (3.10) (or (4.8)), as expected, form a Heisenberg algebra.

Our analysis also uncovered the following technical points about the covariant phase
space formalism and associated charge analysis. Importantly, there are two W and Y
freedoms in the computation of charges as well as the freedom in choosing field dependence
of symmetry generators; these are not fixed by this formalism. The field dependence freedom
leads to a freedom in the definition of charges and their algebra but not the symplectic form,
while the Y freedom also affects the symplectic form. These freedoms may be fixed upon
other physical requirements. To analyze the field dependence freedom, we have formulated
changes of slicings (see section 2.2). While we discussed these features in our 2d and 3d
examples, we expect them to be generic to the formalism and not the specific problem
analyzed here:

o W-freedom fixing.

The W-freedom can be used to adjust the Noether charge to become equal to the
integrable part of the charges obtained through the BT formalism. This has also been
discussed by Freidel et al. [7].
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e Y-freedom fixing.

As mentioned, Y-freedom affects the symplectic form and the charge variation while
W-freedom does not affect the two. One may fix Y-freedom upon requirement that
symplectic form becomes r independent or to remove “unwanted” parts of the charge,
e.g. the divergences and to regularize the charges [5, 33, 40].

o Algebraic slicing.

Adjusted Lie bracket guarantees the closure of symmetry generators algebra. Nonethe-
less, the results could be algebriod instead of a Lie algebra. At the level of charge
analysis, even if symmetry generators form a Lie algebra, the central term may in gen-
eral be field dependent and therefore, in general the BT bracket may yield algebriods
rather than usual Lie algebras. However, these algebriods may turn into Lie algebras
upon a change of slicing. In this work we showed that one can find such algebraic
slicings in 2d and 3d gravity settings. The existence of algebraic slicing seems to be
more general. It is desirable to establish this beyond specific examples.

e Genuine and integrable slicings.

Among algebraic slicings there always exist a subset where the flux computed using
BT method vanishes in the absence of genuine news (e.g. flux of bulk gravitons
through the boundary). For the 2d, 3d cases which we studied here there is no genuine
news, the genuine slicing is hence an integrable slicing. One should however note
that integrable slicings need not necessarily be algebraic slicings: starting from a Lie
algebra of integrable charges one can make change of slicing into an algebriod.

One may extend the above analysis to higher dimensions, i.e. extending the analysis
of [1] to causal boundaries. Moreover, given that the null boundary thermodynamics [14]
only relies on diffeomorphism invariance of the setting and not other details, it is plausible
that there exists a thermodynamic description for generic causal boundary in D dimensions.
We hope to explore these directions in future publications.
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