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1 Introduction

Equivalence principle is (in part) formulated through diffeomorphism invariance of the
action and the corresponding physical observables. However, this statement should be
refined for spacetimes with boundaries, codimension one hypersurfaces [1]. Among the
spacetime boundaries of physical interest we can mention asymptotic boundaries of (A)dS
or flat spacetimes or black hole horizons. Presence of boundaries usually gives rise to new



degrees of freedom which only reside at the boundary and do not propagate into the bulk,
the boundary degrees of freedom (BDoF). The solution phase space therefore in general
contains both bulk and boundary degrees of freedom.

In gauge or gravity theories BDoF can be conveniently labelled through surface charges
associated with a certain sector of gauge symmetries which preserves the boundary struc-
ture and rotate us in the solution phase space. In the existing literature this certain part of
gauge symmetries is usually specified through specific falloff/boundary conditions on the
fields which are appropriately chosen to describe the desired physics. It was, however, noted
in [2] that there exists a mazimal boundary phase space which can be achieved relaxing
the falloff conditions and is labelled by all possible boundary preserving gauge symmetries
which have finite surface charges; see also [3-5] for related work.! For d dimensional gravity
cases this maximal boundary phase space is described by d charges/fields which are generic
functions over the boundary, a d — 1 dimensional surface in spacetime [2]. Then imposing
boundary or falloff conditions can be formulated through imposing second-class constraints
and working with a reduced boundary phase space.

An important property of the charges labelling the BDoF is their integrability over
the solution phase space. The basic formulation usually employed for the computation
of charges associated with the boundary preserving gauge symmetries is the covariant
phase space method [9, 10]. This formulation yields variation of charges in the solution
phase space, and if integrable one can then define charges. Another important feature of
the covariant phase space method & la Lee-Wald [9] is the ambiguities involved in the
formulation. In particular, there is the so-called Y-ambiguity according to which the
expression for the charge variation is ambiguous up to certain total variations over the
phase space. This ambiguity may be (partially) fixed by different physical requirements.
For example, this ambiguity was used in [11, 12] to fix the central charge of the algebra
of surface charges to a certain value, in [13-17] it was used to render surface charges
computed at asymptotic boundaries finite and also to relate charges computed in different
formulations of gravity [18, 19]; see also [20, 21]. In this work, as we will see the Y-ambiguity
is crucially used in the charge integrability analysis.

It has been argued that the integrability is related to the absence of flux through the
boundary [22, 23]. In [24], we made this statement more precise and conjectured that it is
always possible to render the charges integrable in the absence of “genuine flux” passing
through that boundary, even when boundary sources are switched on. According to the
conjecture, there exist particular field-dependent linear combination of boundary symme-
tries, field-dependent slicing spanning the boundary phase space, for which the components
of charges do become integrable in the absence of genuine flux. We dub these integrable
slicings. This clarifies the physical notion of integrability. Let us stress that while the vari-
ation of the charges does not depend on the slicing, the charges themselves are inevitably
computed in a specific slicing. We note that field-dependent slicings generically change the
bracket structure and hence the algebra of charges. See [25-29] and in particular [24] for
examples of change of slicing and how it affects the algebra.

n a series of papers [6-8] a closely related notion of corner symmetries have been developed and studied.



Recent studies of boundary degrees of freedom for gravity theories has been motivated
in pursuit of black hole microstates within the “soft hair proposal” [30] where the near
horizon symmetries and charges play a key role, e.g. see [26, 31-34]. There are various
types of horizons with different properties e.g. see [35], which regardless of the details,
are usually null surfaces. In addition, null hypersurfaces are causal boundaries of portions
of the spacetimes available to the congruence of causal curves which do not intersect the
null surface. Therefore, null surfaces suitably model black hole horizons and studying null
boundary symmetries and charges is expected to help with the identification of black hole
microstates, for a specific realization for three dimensional black holes see [36, 37].

We have hence established a program of studying null boundary symmetries and their
mazimal boundary phase space. We have explored a generic null hypersurface in the 4d
Einstein gravity [27], 2d JT gravity and 3d Einstein-A [24]. Similar maximal phase space
for asymptotic boundaries in 2d and 3d has also been studied [17]. The analysis in [27] was
motivated by studying the phase space near horizon of Kerr black holes,? while in [24] we
focused on 2d dimensional and BTZ black holes [39, 40] where we explicitly constructed
the maximal boundary phase space. We showed that in the 2d case we have two charges
which are functions of the v coordinate along the null boundary and in the 3d case there are
three charges which are functions over the null cylinder parametrised by v and a periodic
coordinate ¢. By an appropriate choice of slicing, we rendered the charges integrable, in
accord with the conjecture made in [2]: in the 2d and 3d cases we do not have a propagating
bulk degree of freedom and there is hence no genuine flux through the null surface. The
integrable slicing is not unique and there are many such slicings. In particular, we discussed
there exists a fundamental slicing, for which the algebra of charges at any constant v takes
the simple form of Heisenberg algebra @ Diff(d — 2) where % in the Heisenberg part is
proportional to inverse of the corresponding Newton constant. We should stress that the
charges we find at null boundaries are different than most of the charges and algebras
appeared in the literature which are functions of codimension two surfaces rather than
codimension one surfaces.?

A natural following step in the BDoF program and a non-trivial check for the integra-
bility conjecture is to analyze the maximal phase space of theories admitting propagating
degrees of freedom. The first such example is to consider 3d cases. There is indeed a
plethora of three dimensional beyond Einstein gravity theories which are free of ghosts, e.g.
see [41-43] and have massive propagating degrees of freedom (gravitons). Among these,
topologically massive gravity (TMG) [44, 45] is special as its action involves gravitational
Chern-Simons (CS) term which gives rise to massive chiral gravitons.

Various aspects of topologically massive gravity has been extensively studied in the
recent literature. While we do not have a full classification of TMG background solutions

2The analysis in [27] does not realize the maximal phase space as described in [2]; while we had four
charges two of the charges were functions of codimension two surfaces (rather than codimension one). The
analysis of the most general case will be presented in the upcoming paper [38].

3In the AdS3/CFT?2 literature, it is customary to call the boundary degrees of freedom allowed by the
Brown-Henneaux boundary conditions as “boundary gravitons”. In our maximal boundary phase space
analysis, however, boundary gravitons appear as a subsector of our BDoF.



yet, large classes of solutions have been constructed and analyzed [46-57]. As we will
review, TMG background solutions fall into to two classes, those which have Vanishing
Cotton Tensor (VCT), and those with non-vanishing Cotton tensor (NVCT). Solutions to
Einstein-A theory remain a solution in the presence of the CS term and constitute the VCT
class. In particular, BTZ black holes are hence also solutions to TMG. Several solutions
in the NVCT class has also been constructed, among them the warped solutions and other
black hole solutions [58-65].

1.1 Summary of the results

In this work, we perform the null boundary symmetry analysis for an arbitrary null surface
in TMG and construct the maximal boundary phase space. To this end we start with
the most general metric expanded around a null surface, to be more precise a null cylinder
whose axis is parametrised by “lightcone time” v and its circle by ¢. We then impose TMG
equations of motion, which are third order differential equations, perturbatively around the
null cylinder and construct the solution phase space. The solution phase space is described
by four independent functions on the null cylinder. In this case, unlike the 3d Einstein-A
theory discussed in [24], we have chiral massive gravitons which propagate in the bulk
and can pass through the null cylinder. Three of the four functions in the phase space
correspond to BDoF and one to the chiral graviton propagating in the bulk.

There are diffeomorphisms which keep the null boundary structure and hence act
as symmetries over the solution phase space. These are 2d diffeomorphisms and the Weyl
scaling on the null cylinder and are hence specified by three functions over the null cylinder.
We then work through the usual formulation of covariant phase space method to compute
charges associated with these symmetries.

o VCT class. There is no propagating degrees of freedom in the VCT sector and hence
we are expecting integrable charges. Nonetheless, unlike previous cases [17, 24], a choice
of slicing is not sufficient to render the charges integrable. It has to be supplemented by
an appropriate choice of the Y-ambiguity (2.22). This is similar to the case of asymptotic
boundaries where Lee-Wald charges diverge and Y-terms are needed to render finite the
charges [17]. In other words, integrability of charges can be used to (partially) fix the
Y-ambiguity in the charges.

In the fundamental slicing (4.10) and (4.25), the charge algebra takes the form of a
Heisenberg & Virasoro algebra. The central charge of the Virasoro is proportional to the
coefficient of the CS part; precisely it is equal to the gravitational anomaly of dual 2d CFT:

?

[Snasm] =0, [Snapm] = @5m+n,07 [Pnapm] =0, (1'13)

[Jna Sm] = 07 [jnapm] = 07 (1'1b)
1

[Jna Jm] = (n - m)Jn—i—m + mn36n+m70 (11C)

where G is the Newton constant and coefficient of the CS part is (167Gu)~!, see (2.1).
Note that the charges X,, = X,,(v) are Fourier modes of generic functions of v, ¢. This is to



be contrasted with the usual (e.g. near horizon or asymptotic) charge analysis, where time
dependence of charges is fixed. The zero mode of § is equal to the Wald entropy [10, 66], Py
is proportional to the logarithm of the expansion of the null vector field generating the null
boundary and J is giving the angular momentum charge. We therefore, call S,,(v) entropy
aspect charge, Py (v) expansion aspect charge and J ,,(v) angular momentum aspect charge.

Finally, we consider non-expanding backgrounds. The expansion aspect charge van-
ishes and the algebra reduces to the one obtained in [26] as the symmetries near a generic
Killing horizon, with the addition that our charges are still v-dependent.? As a particular
example we study charges associated with BTZ black holes in TMG.

e NVCT class. In the NVCT case, there is in general a non-zero flux due to massive
gravitons passing through the null boundary. Hence the charges are not expected to be
integrable. As we are dealing with intrinsically non-integrable charges, we use the modified
bracket [23] (5.16) to extract out the integrable part of the charge variations. The remainder
is then associated with the flux passing through the surface (5.13).

Our charge analysis involves three steps: (1) finding appropriate slicing of the phase
space; (2) fixing the Y-ambiguity and (3) separating the integrable part of charge and
identifying the flux. These three steps should be worked through in accord with each
other. The first two steps are similar to the VCT case while the last step is particular to
the NVCT case.

Going through these steps and after a tedious and technical analysis, we find that the
charge algebra for the generic NVCT case is a Heisenberg @ Virasoro algebra where the
central charge is the gravitational anomaly of the theory. It is the same algebra (1.1) as for
the VCT but with the modified bracket.® This ensures that the limit of vanishing flux is
consistent with the VCT results. Moreover, the flux (5.13) is fully sourced by the expansion
of the null boundary and is associated to a symmetry perpendicular to the null surface.

We also discuss the vanishing expansion NVCT cases. In these cases the flux vanishes
and the charges become integrable. Nonetheless, unlike the VCT counterpart, there are
still three independent charges, in particular we still have an expansion aspect charge. To
the best of our knowledge, TMG solutions in this class was not discussed in the literature.

Finally, we study charges of axisymmetric TMG solutions, including the warped black
holes [58], and show that they have a vanishing expansion aspect charge and fall in the
same category as non-expanding backgrounds in the VCT class.

1.2 Organization of the paper

In section 2, we review some basic facts about TMG, its action, equations of motion and
how to compute the surface charges for the theory. In section 3, we present a general near
null surface expansion of metric and show that the Diff(Cy)® Weyl(Cs) algebra, a part of
the 3d diffeomorphisms, preserves the null boundary which is the null cylinder Cs. This
section and its results do not depend on theory and is hence in common with those in [24].

4Note that while all Killing horizons are non-expanding null surfaces, the converse is not necessarily true.
5Note that this central term is field-independent. This may be contrasted with the case of 4d asymptotic
symmetry analysis where the central extension is field dependent [23].



In section 4, we study the VCT class of solutions and the associated surface charges. The
latter involves fixing the Y-ambiguity and finding the appropriate (fundamental) slicing.
As special cases we study null boundaries with zero expansion as well as charges for the
BTZ background. In section 5, we repeat the same analysis but now for the generic class of
NVCT. This case importantly features non-vanishing flux and non-integrable charges, and
hence involves a whole lot more technical issues, especially the modified bracket. We also
discuss the special non-expanding NVCT case where the charges are integrable and there
is no flux. In section 6, we construct all axisymmetric TMG solutions, in an expansion
around a null surface, these involve both VCT and NVCT solutions. Last section includes
our concluding remarks and some future directions.

2 Topologically massive gravity and its surface charges

Topologically massive gravity (TMG), with negative cosmological constant A = —1/¢2 is
described by the action [44, 45],

1
167G

Sl = 1 [ @' ol Ll = v=g (R+ 5+ ~Les) (2.1)

£2

where R is Ricci scalar and L¢g is the gravitational Chern-Simons term,

Los = %emm (rgﬂaurfja + irgﬁrfvr@ : (2.2)
with €, being the Levi-Civita tensor which in our conventions V—g€""? =1, and Iy, is
the Christoffel symbol. This action has three parameters of dimension length, G, ¢ and the
Chern-Simons coupling 1/4. One may hence construct two dimensionless constants out of
their ratios. These two may be taken to be £/G and pf.

TMG action is constructed out of the metric, a covariant quantity under diffeomor-
phisms d¢g,, = L¢g, where L¢ denotes the Lie derivative along vector field £#, and the

connection I'}, , a non-covariant quantity,
5§qu = ﬁﬁrgu + 8,u8u£a > (23)
where the first term in the above is defined as the Lie derivative of I'jj, treated as a usual
tensor with the same index structure. Due to the presence of CS term which involves the
connection, the TMG Lagrangian (2.1) is not diffeomorphism invariant. Variation of the
Lagrangian density induced by the diffeomorphism generated by vector field £ is
5L = LeLlg) + 9,y

=0, (€"L + =) (24)

where

— —g v e
ol = e 0TS0 (25)

encodes the non-invariant part.



Holographic aspects of asymptotically locally (warped) AdSs solutions of TMG has
been analyzed in [41, 67-72]. Moreover, asymptotic symmetry analysis of the asymptot-
ically AdSs solutions with Brown-Henneaux boundary conditions [73] has also been per-
formed [74-78]. It has been shown that we get two Virasoro algebras at different left and
right central charges ¢y, cr, where cg, +cr = 3¢/G is twice the usual Brown-Henneaux cen-
tral charge and ¢ —cr = u% gives the gravitational anomaly of the presumed dual 2d CFT,
which corresponds to the non conservation of the dual stress energy [79-81]. This latter is
encoded in the diffeomorphism non-invariance of the TMG Lagrangian, as discussed above.

2.1 TMG equations of motion

The first-order variation of the Lagrangian L is®

5L = EM[g]0g + 0,0/ 1695 ], (2.6)
where ) )
1% ,__\/_g( W - oouv o uu)_
E*[g] : e G 729 + MC 0, (2.7)
gives the equation of motion and
V=3 logla (b LY s
1% . _ Vv J a ) v « _ 1o
O og:9] = {67 {W (9"10905) + o (P350T7 2R)\59au)] (28

is the Lee-Wald symplectic potential. In (2.7), G/, is Einstein tensor and
1

1
C'uy = EQBHVQSE, Sp,y - RI,LI/ - *Q/U/R — G/U/ + 4

1 IR, (2.9)

CH is the Cotton tensor and S, is the 3d Schouten tensor. The Cotton tensor is trace-less
and divergence-free and hence the equations of motion (2.7) imply R = _Z%' The Cotton
tensor in 3d is a substitute for the Weyl tensor. It is conformally invariant and its vanishing
is equivalent to conformal flatness.

Equations of motion are a system of third order partial differential equations which
may also be written as

EL=DrsTP, =0, (2.10)

where

2 1
77"‘” = RMV + ﬁguy ] DHV == 5'“41/ + peual/va . (2.11)

One can simply check that on-shell 7 =T} =0,V,T* = 0.
Note that while equations of motion £, = 0 are covariant, the symplectic potential is
not a covariant vector:

0¢0"[0g; 9] = LO"[6g; 9] + 1I¢ [0g3 9], (2.12)
where
X [5g; g] i= Y29, 0T5506" — V<V_g HASTS 5). 2.1
5[59,9] 327rG,u6 9o Aﬁaaf 0 327rG,u6 0 ,\,Baaf (2.13)

°In three dimensions we have the useful identity V*e’1P* = L(ePvr — e VP).



2.2 TMG surface charges

Being diffeomorphism non-invariant, one should revisit the usual Noether-Wald method [10]
for computing surface charges, see e.g. [82, 83]. Here we review and adopt this formulation
to the specific case of TMG. We have already taken the first steps in (2.8), (2.12) and (2.13),
where we explicitly see presence of non-tensor parts. To continue, let us assume that the
variation (2.6) is induced by an infinitesimal transformation generated by & and one can
hence define an on-shell conserved current,

JE 9] = ©"[0¢g; 9] — " Lig] — E¢g] - (2.14)
By virtue of Poincaré lemma, one finds
JElg) = 9, KE (9], (2.15)

where = denotes on-shell equality and

V7Y [ glugy] 1;w/\< a_lra Bﬂ
Ke'lg) 3G [V 3 +M€ Snat”™ = TN Vas (2.16)

is the Noether potential. Using (2.14), the Lee-Wald symplectic is current,

wiwl0g, 0¢g; g] := 00*[d¢g; g] — 0:O*[0g; g] — ©*[d5¢g; 9]

" » e » (2.17)
~ 0, (3K [g] — KL 9] + 266" [5g; 9] + 34" [0g: g] )
where we used the identity
0=¢ (9] — E5elgl — ¢ [0g: 9] = 0,3 [6g3 9],
(2.18)

wise ol e V79 jwrspa g o8
X [6g: 9] : 327rG,u6 0I'50a€" .

The surface charge variation is defined as §Q¢ := [5;w”[dg,¢g; g dz,, and hence the
surface charge variation associated to the vector field ¢ is [83]

$Que() = (08 + - 0t) day (2.19)

where Qfn and QFg are respectively contributions of Einstein-Hilbert and the CS parts,

|2 @ Alpe vl eAvolppv] 1 [ gV [u VA eluo]
v V=9 (1 e N .
os = e e (26FABVQ§B — 05 &" — 655[6h)\]a) . (2.21)

Here hy,, = dg,, denotes metric perturbations, h = g#*”h,, and the integration is over 9%
which is a one-dimensional compact spacelike surface.



Y -ambiguity. One can readily observe that the above definitions leave room for a free-
dom, an ambiguity, in the choice of the symplectic potential. Without changing (2.6), One
can shift the Lee-Wald symplectic potential as,

©H[dg; g] — O%[dg; g] = ©*[dg; 9] + 0, Y [dg; 9] - (2.22)

This Y-ambiguity, however, affects the expression for charge variation:

$QE) = $Quw(€) + /a 4 Y159, 6¢gi9). (2.23)

where
V109, 0¢9; 9] := Y " [0¢g; g — 6¢Y M [0g; 9] — Y [dseg; 9] - (2.24)

As we will see later, fixing this ambiguity is a crucial part of charge analysis for the
TMG theory.

We would like to note that while I'; 5 1s not a covariant object, its variation ort g Is. As
a consequence of covariant phase space formalism in which symplectic current is defined as
an anti-symmetric bi-linear in variation of fields and despite diffeomorphism non-invariance
of the TMG action, as explicitly seen, (2.20), (2.21) are covariant. Addition of a Y-term,
as the above general discussion shows, does not change this fact.

3 Near null boundary metric

In this section we adopt an appropriate coordinate system to describe null boundaries and
derive the symmetry preserving the boundary structure. This will be used to compute the
surface charges in section 4 and 5.

3.1 Metric expansion

Consider a null surface N' and choose the coordinate system such that it sits at r = 0.
In [24, 27] we found that the following adapted coordinates is appropriate of for discussing
charges near N metric:

ds? = —V dv? + 2ndvdr + R? (d¢ + U dv)? , (3.1)

with n = n(v, ¢). Here, we restrict ourselves to the family of solutions in which the metric
components are smooth and analytic functions in r near the null surface and in particular
do not impose any other requirement. One can verify that imposing further requirements,
would limit our solution space and will not yield the maximal solution phase space we
desire to construct. Upon the smoothness requirement, we have’

V(v,7,¢) = rVi(v, 8) +r*Va(v, 8) + O() (3.22)
U(v,r,¢) = U(v,9) +rU1(v,6) + O(r?) (3.2b)
R2(v,1r,¢) = Qv, )% 4+ rRy1(v, d) + O(r?) (3.2¢)

"Vo(v,¢) = 0 as r = 0 is a null hypersurface.



where we keep the orders relevant to the charge analysis. The induced geometry on N reads
ds? = Q% (d¢ + U dv)? . (3.3)

To decompose the bulk metric adapted to the study of null hypersurfaces, it is conve-
nient to define two null vector fields I#, n# (1> = n? = 0) such that [-n = —1, I* is outward
pointing and n* inward pointing

1
l:=1,da" = fQVquLndr, n:=n,drt = —dv. (3.4)
In terms of these,

G = Qv — luny — Lny,, qul" = qun* =0, (3.5)

where g, dz# dz” = R? (d¢ + U dv)?. The vector field IF0, = 0y — Uy + O(r) generates
the null surface and U can be treated as the angular velocity aspect of the given null
surface. The extrinsic geometry is encoded in the expansions of I#,n* on N8

0, == (gu V)| _, = % L =0, — 0y (QU) (3.6a)
" _ T _
0, =¢"V.n,| _, q T 209 (3.6b)
and in the twist field
1 /7 8¢77 Qg Ul
w::_qyn)\vVlA _ :(—'—)7 T::— . 37
(a5 mVl), =5 (g + p (3.7
For later convenience we define the non-affinity [ - VI# := x[* on N
Vi 0Oy Uuo
52714_777_7&7, (3.8)
2n U
and
n
P:=1In () ) 3.9
2 (3.9)
02 /N2 m\? 3 [9;0\2 939
= — — —_— —|— ) ——=——-27x—-27Q — Q).
w €2+<29)+<2n) +2<Q> q " 27X 27 Q0U —Udy(T D)
(3.10)

Note that 2, P, T are the combinations which appeared in the charge expressions in the
Einstein gravity case analyzed in [24].

Curvature components. In the rest of the work, the on-shell divergence-free and trace-
less tensor 7, (2.11) will be of great relevance. The components Ty = (1" T, Tig = 1" T 0
and Ty = Ty computed at 7 = 0 are given by

1
Tu = = (Oux = 0p(UX) — £X) (3.11a)
Tio = Oy — Dp(Uw) + % — Ogk (3.11b)

w? w Q
Tos = —20 (&; —QpUT)+ KT+ 5 + 0y <Q> - €2> . (3.11¢)

8Since I* is outward pointing, ©,>0, orx+7172>0.

~10 -



3.2 Solution phase space, a preliminary discussion

The family of geometries in (3.1) are the most general ones with = 0 as the null surface and
in the leading order expansion in r they are specified by seven unknown functions over the
null cylinder spanned by v, ¢. A special class of these geometries are solutions to equations
of motion (2.7). As will become more explicit and apparent in the coming sections, there
are three independent field equations which may also be imposed perturbatively around
r = 0. These lead to three relations among these functions. A generic geometry in the
“solution space” is hence specified by four unknown function of v,¢ at the r = 0 null
boundary. Higher order terms in the expansion of the metric in powers of r will be fixed
by equations of motion at higher orders. As we will see, however, only the lowest order
terms given in (3.2) contribute to the charge analysis around the null boundary N.

The metric expansion (3.1) and (3.2) of course do not depend on the theory and similar
ansatz was also used in [24] to analyze Einstein-A theory. In that case the Vs coefficient was
also restricted by the equations of motion and the solution space had only three independent
functions in it. In the TMG case, however, dealing with third order field equations, we
have one less constraint at leading order and hence the solution space has four functions in
it. The difference between the two cases is due to the existence of a chiral graviton mode
in TMG.

The above discussions may be put in a different, and a bit more systematic wording. In
3d, metric has six components. Three of them can be fixed by diffeomorphisms and hence
there remains three independent functions over the spacetime; h, U,V in the metric (3.1).
Equations of motion describing TMG are third order partial differential equations and
solutions of this theory will be uniquely determined when nine co-dimension one functions,
e.g. functions of v, ¢, are specified on the boundary, say » = 0. On the other hand, canonical
analysis of TMG [84] implies that, contrary to Einstein gravity, there are four second-class
constraints in addition to three first-class constraints. Therefore we expect that 5 (= 3+ %)
of co-dimension one functions can be determined in terms of the other four co-dimension
one functions via constraint equations. Hence, solution space near null surface » = 0 can be
uniquely determined through four functions of v, ¢. As we will show in the coming sections,
this solution space admits a Poisson bracket structure and is hence a solution phase space.

3.3 Null boundary symmetries

Consider the vector field £ whose components are

& =T

- 72 (Q2Uy + 9ym) 04T
=10, T -W)+ ( 1292 ) e +0(r%) (3.12)

rn0sT N r2nR18¢T
02 204

=y — +O(T3)

where T' = T'(v,¢), W = W(v,¢),Y = Y (v, ¢) are three arbitrary functions which are 27
periodic in ¢. While transforming the fields V, h, U, n, the vector field (3.12) preserves the
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r = 0 null surface, i.e. 0¢g"™"|,—0 = 0. Explicitly, the fields transform as

9 . . . . 20T
Sen = ;77 (0,7 — dyuT)] — Wiy + Yo+ 7;2 T (3.13a)
Seld = 0,Y + YU —U sV, (3.13b)
5eQ =T+ 95(YQ) (3.13¢)
. A 207
5P = —W — 20,V + Y o,P+ Xﬁ (3.13d)
Sex = 0T — p(UT) + 9y(Yx) (3.13¢)
0T = —TyP — 20,T + Y 9,Y + 2T0,Y + QoW + mXTm, (3.13f)
2 N O o\ o= o, (ut)]
557—:_; lQ—F&b <Q) 2 0y (YT) — N
2w, (T 1 T QrT T
Sek = Yyk + 8y (0,T — UDT + KT) — Uy (9,T — UIST + KT) (3.13h)

where hatted-generators are defined as
R Uuo o

W= W +2 <m+¢” -

2n 2n

Null Boundary Symmetry algebra. & are “null boundary Killing vectors” or null

>T—U8¢T, Y=Y +UT, T:=Tx. (3.14)

boundary symmetries, i.e. vector field keeping the form of the metric (3.1). Recalling
that equations of motion (2.7) are covariant, &* (3.12) hence rotate us in the solution
space. Therefore, £# are symmetries of our setting. By definition, hence, one would expect
that the null boundary symmetries should form an algebra. The symmetry generators are
“field dependent”, i.e. components of &* depend on the functions specifying the metric.”
Therefore, when computing the Lie-bracket of the symmetry generators we need to adjust
for this field dependence to close onto an algebra [23, 85]. Using the adjusted bracket we
find the algebra of null boundary symmetries generating vector fields

[E(T1, Wi, Y1), §(To, W2, Y2)]L4i. vracker = €(T12, Wia, Y12) (3.15)
where
Tis = T10,Ts — Tod,T1 + Y10,y — YadyTi (3.16a)
Wia = Ti0,Wa — To0, Wi + Y10,Wa — Yoy Wi + 0,Y10,Ts — 0,Y20,T1  (3.16b)
Yiz = Yi0,Ya — Y20, + T18,Ya — Tod, Vi . (3.16¢)

This is a Diff(Cy) @& Weyl(Cy) algebra, where Cs is the cylinder spanned by v,¢; T,Y
generate diffeomorphisms on this cylinder and W generates a Weyl scaling along the r
direction. This algebra is exactly the same as the one we had in [24]. This is of course
expected as the above analysis is independent of the theory and only relies on the fact that
we are expanding a 3d metric around a null surface at r = 0.

9The lowest order terms in £* (3.12) are field independent, field dependence appears in higher r orders.
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4 Vanishing Cotton tensor (VCT) solution phase space and charges

As discussed all solutions to Einstein-A theory are also solutions to TMG. This class of solu-
tions have vanishing Cotton tensor and we hence dub them as VCT solutions which satisfy,

2
EV:RHV—I—ﬁgHV:O, Cuw =0. (4.1)

One can readily see that these are equations of motion for the usual Einstein gravity and
hence the solution space in the VCT sector is expected to be exactly the same as that
of Einstein gravity constructed and discussed in [24]. The equations of motion may be
decomposed in terms of Raychaudhuri equation 7; = 0, Damour equation 7;4 = 0 and
Ts4 = 0. At the zeroth order in r, they respectively lead to

doX — Op(Ux) — K x =0 (4.2a)

Dot — Dy (Uw) + % — 9k =0, (4.2b)
w? w Q

8v78¢(UT)+/<T+Q+8¢(Q>£2:0. (4.2¢)

The equations of motion (4.1) restrict the family of near null boundary solutions to
exactly those discussed in section 3 of [24], which considered the maximal phase space for 3d
Einstein-A around a null surface. Explicitly, the metric (3.1) at first order in r is specified
by six functions, n, Q2,4 and Vi, Ry, U;. The latter three are encoded in &, 7,w. One may
solve for s, 7,U in terms of 1, Q,w using (4.2). The O(r?) terms will then be determined
through the lower order functions using equations of motion (4.1), but as will be discussed
below, do not contribute to the surface charges at » = 0. Therefore, the solution space is
specified by three functions over the r = 0 null surface spanned by v, ¢.

Surface charges at the null boundary. The null boundary Killing vectors 3.3 gen-
erate symmetries over the VCT solution space which is parametrised by three functions.
Since there are three functions in £, there are at most three associated charges which are
functions over the solution space. Variation of the Lee-Wald part of charge densities over
the VCT solution space for TMG may be computed evaluating (2.19). Straightforward,
but tedious computation yields

167G QYo = 167G Q|

1 1
— (0095 V 0P + S hpat®
:0+M < ¢>Bv f +£2 qﬁaé ) ‘7‘:0

-~ 1 1 A 1 A
— W6 <Q+w— a’”’) Y6 <T+w> TP
[T [

1. - 1 o
— 20,V 8(r Q)+ — [—Tﬂ(sum (‘MH (a,,T+T7;lQ> (4.3)
12 X n X
T 5P Dy(oUN 1 0
+{a¢, [X P_ o0 )+25uw]+xua¢ [ (—Tmuw(w)ﬂ
11X Q Q X n

200, ()L L WP x <59)}
XT—w Q@¢(Q>+£2] O +Q3¢ a [
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The 7;; term vanishes on-shell. The above has been written using the slicing (3.14). This
is the slicing used in [24] to render the charges integrable. Due to the presence of last three
lines in (4.3), the TMG charges are not integrable in this slicing, nevertheless, we show
next that Y-ambiguity can be employed to remedy this.

4.1 Integrability: fixing the Y-ambiguity

As discussed, VCT solutions do not have a local (propagating) degree of freedom. There-
fore, there should be a slicing of the solution phase space where the charges become in-
tegrable. In the p — oo limit, the hat-slicing (3.14) works perfectly well and renders the
charge integrable, recovering the results of [24]. For finite u, however, the charges are not
integrable in this slicing. We tried many different slicings (reparametrisations on the solu-
tion phase space) but the charges remained non-integrable. Nevertheless, this issue can be
resolved recalling the inherent Y-ambiguity of the Iyer-Wald procedure, cf. (2.22). Remark-
ably, there exists a Y-term which together with adapting a suitable slicing yields integrable
charges. Integrability can be used as a criterion to partially fix this Y-ambiguity.'? Besides
the addition of the Y-term, to arrive at the final conveniently written result we need to
make a couple of more changes of slicing, as we outline below.

We now detail the computations. First we note that the charge density (4.3) can be
suggestively written as

I N (PR | R
6QLW(£):@/O d(b{Y(ST—I—(;g <Q—|—3¢P> 573—595573

+H5u55(m)—5§u5(79) L (5:020,00— 598¢6§Q)+ - (8en Dy~ 5na¢55n)”

202
N 1T
+= T,a(sz )7* ~ToedU — 7‘¢,573+Tl— +a¢7> (4.4)
where
. 1Y
Q.—Q‘F;ﬁ,
T-—T+2aQ+QaP+1{—2 +QZ+<T)2+1(8P)2+62P} (4.5)

From the expression (4.4), we see that the first line is integrable if we make the following
change of slicing

2 2 ~ 1 2 ~ 2 2 2
W~ —6P, Tzég((l—k&qﬂ?), Y =Y, SW =6T =6Y =0,
o’

where ~ denotes on-shell equality. The double-hat symmetry generators VV, T ; Y are related
to the original symmetry generators W, T,Y through (3.14) where on-shell we drop terms

10WWe note that requirement of integrability concerns the finite part of the charges and is different from
the prescriptions used in the (holographic) renormalisation procedure to eliminate the divergent part of the
charges [17].
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proportional to 7,,. In the double hat-slicing, the second line of (4.4) still remains non-
integrable and the last line vanishes on-shell for the VCT case.
The non-integrable part comes from the CS contribution to the charge density (2.21).
Its form suggests that a Y-term of the following form
Y [5g;g) =

Y2 2B, [dg; 4,
3G € A[0g; 9] (4.6)

with By depending on the (variations) of metric and Christoffel symbols. Straightforward
but lengthy algebra reveals that

1 . 1 o 09
Bjldg; 9] = ~3 5095 + 5 nalﬁéf/\ﬁ—ﬁa\P, (4.7)
does the job.'' The By component,
000480 ndyn 09
2By = 502 ppe + Qr ol — dw E%P + O(r), (4.8)

contributes to the charge and removes the second line in (4.4). Adding Y-term (4.6) to the
surface charge, we have

I I L 19,0 1 L 10,0
167@/0 d¢[Y6T+5§<Q+MQ+2M6¢73>5P—5§736<Q+MQ)].

(4.9)
1958

Upon a further change of slicing 55(Q + 5 —i—i 0sP) = T, the charges become integrable.
Explicitly, we define

pQ(E) ~

W= W +20,Y —YsP, Y :=Y, (4.10a)

.7 17 . 17

T =—-|Q-—= Y IQ+ —= 4.1
Q( 2MQ>+8¢ ( +2uﬂ>] (4.10b)

where T := T + 20481 + Q04P. In the tilde-slicing surface charges are integrable:

1 2 . _ o
19 ~ do (Y OY +T56 W 6Q 4.11
QO ~ 5o [, a0 (VT +ToP+1W40). (411)
where 1 8.0
Q=04 -2 4.12
+ 0 (4.12)
The transformation laws are
| - -
559 ~T+ ﬂad)W, 5577 ~-W, (4.13)
L U N
6T ~ YO Y +2Y0,Y — B Y . (4.14)

Also, for later use we record that equations of motion imply

. o s 2
9T mUISYT + 2Y05U — B oU. (4.15)

"Note that integrability requirement does not completely fix Y-ambiguity; there are other Y-terms

which together with an appropriate slicing can yield integrable charges. In essence the Y-term (4.7) is a
minimal choice.
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4.2 Algebra of symmetry generators in the integrable slicing

The algebra of boundary symmetry generators in W, Y and T slicing is given in (3.15)
and (3.16). The algebra in the hatted or tilde -slicing where W, Y, T or W, Y,T are
treated as field independent functions, is different. To account for the field dependence
of the transformation from the original slicing to these new slicing one need to use the
adjusted Lie bracket [23, 85].

Null boundary symmetry algebra in the hatted-slicing:

[§(T17W17371)7§(T2,Wm%)} o = ¢(Tha, Wiz, Y12), (4.16)
adj. bracket
where
Tlg = 8¢ (?V]_TQ - %Tl) y (417&)
Wia = Y105Ws — Yads W1, (4.17b)
Via = Y104 — Y204 V1. (4.17c)

The algebra is exactly the same as what was obtained in section 3 of [24] for s = 0.

Null boundary symmetry algebra in the tilde-slicing:

[£(T17 le }71)7 £(T27 W27 }72)]de bracket £(T127 Wl27 }712)? (418)
where

Wiz =0, Ti2 =0, Yiz = Y105Y2 — Ya0uYh. (4.19)
This is a Ay @ Witt algebra; the Witt part is generated by Y, the Ay denotes local
u(1) @ u(1) algebra on the null cylinder and is generated by W, T
4.3 Charge algebra in the integrable slicing

As discussed and may be explicitly seen in (4.11), the tilde-slicing leads to integrable charges
P,Q, T, respectively associated with T, W,Y generators. According to the fundamental
theorem of the covariant phase space method [9, 10], the algebra of charges is the same
as the algebra of symmetry generators (4.18), (4.19), possibly up to central terms. Since
we have the explicit form of the charges and their transformations (4.13), (4.14) we can
compute the charge algebra and explicitly confirm the stated theorem:

06, Q¢, = {Qey, Qer} = Qeyy + Ky (4.20)

where the central extension term K¢, ¢, is

1 2w . 1~ 3 1 - B
Keeo = W/O d¢ [(WlTQ - ;Y18¢Y2 + 4HW18¢W2> -1+ 2)} . (4.21)
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The charge algebra in terms of Q, T and P is

{P(v,6),P(v,¢)} =0,  {Qv,6),P(v,¢)} = 16xG5(¢ — &), (4.22a)
(920,0). 20,6} = T2 0486 - ), (4.220)
{T(v@)ﬂ(v,cb’)}zo, {(Y(v,4),P(v,¢)} =0, (4.22¢)
(T(0.0). T(0,0)} = 167G (Y(0,6)0, — T0.0)05 = =03 ) S0 = o). (4220)

In the large p limit, as expected, we obtain the Heisenberg @ Diff(S!) algebra [24]. There
are three central terms in the charge algebra (4.22), two of which are proportional to 1/u
and hence appear due to the presence of the CS term.

The algebra in the above slicing is not yet in our final convenient form. One of the
central terms can still be removed through another change of slicing:

~ 1 1 1
0+ Lopear -t (20,04 100,P). 49
S =0t -0, +2u9< $20,04 a¢7>) (4.23)

In this slicing the charge expression yields

1 2 ~ ~ ~
6Qe = 1o /O d¢ (V6T + T6P + W6S) (4.24)

where

J=", T:=T+ 41Ma¢W, (4.25)
and variation of S gives the simple form
5:S =T. (4.26)
The null boundary symmetries algebra in the new tilde-slicing is

[g(ﬁ‘lv le Yl)v g(’f[‘% W27 1}2)]adj. bracket £(T127 Wl?? ?12)’

- - - N - (4.27)
Wi =0, T2 =0, Y12 = Y104Y2 — Y204Y1.
In this slicing the algebra becomes a Heisenberg & Virasoro algebra:
{S(v,9),S(v,¢')} =0, {S(v,8),P(v,¢")} =167G(p—¢'), {P(v,4),P(v,¢)} =
(4.28a)
{j(v,¢),8(v,q§’)}:0, {j(v,¢),77(v,¢/)}:0, (4-28b)
2
(T(0,6).7 (0.6} = 1676 T (0.6)95=T (0,0)0 =03 ) 6= (4.250)
In terms of Fourier modes of the charges,
2
. ing
=g 6 X (w9, (4.29)

17 -



after “quantizing the charges” upon replacing {-,-} — —i[-, ], we obtain

i

[Sn, Sm] =0, (S Pm] = @5m+n707 [Pn,Pm] =0, (4.30a)

[T n, Sm] =0, (T n, Pm] =0, (4.30D)
1

[Jn, Jm] — (Tl - m)jn+m + mn35n+m70. (430C)

We note that the Fourier modes S,,, Py, J n, respectively entropy aspect charge, expansion
aspect charge and angular momentum aspect charge, are in general functions of v. The
zero mode of 8 is equal to the Wald entropy [10, 66], Py is proportional to the logarithm
of the expansion of the null vector field generating the null boundary and J g is the angular
momentum charge.

On central charges of the charge algebra. There are two kinds of central terms
in our case, one is 1/(8G) which appears in the Heisenberg part and is p independent.
The other comes from the CS term and appears in the Virasoro part. The former is
also present in the 3d Einstein gravity analysis [24]. The central term in the Virasoro
algebra (4.30) is coming from the gravitational (diffeomorphism) anomaly in the presumed
dual 2d CFT [79, 80, 86]. To see this, let us first note (3.12) and that Virasoro part is
associated with “super-rotations”. Next, recall the asymptotic symmetry analysis of TMG
with Brown-Henneaux boundary conditions yields two left and right Virasoro algebras with
central charges [77, 78], cp, = % + 2}%, CR = % — 2“% The difference of the left and right
Virasoro algebras generate super-rotations, which is a Virasoro algebra at central charge
¢ —CR = u%’ which exactly matches the central charge in (4.30c).

4.4 Non-conservation of charges and generalized conservation equation

As discussed integability and conservation of surface charges are known to be closely re-
lated to each other. This latter has been noted e.g. in Wald-Zoupas [87] and also in the
Barnich-Troessaert [23] analyses and more recently in [27]. Here we revisit integrability
and conservation in presence of central charges. To this end, we study “time evolution” of
the charges. Our charges are functions of light-cone time coordinate v, as they are given
by integrals over ¢ on integrands which are functions of v, ¢. 9, is not among the genera-
tors of the tilde-slicing in which the charges are integrable.!? Nonetheless, one can locally
introduce another appropriate “time coordinate” ¥ more closely related to the tilde-slicing;:
E(T,W,Y) = £(1,0,0) := 95.
The Hamiltonian evolution equation with respect to @ for a generic charge Q'(¢) is

QO =0 Qh 0k, 0,0k = Q0. Q) (4.31)

129, is a vector corresponding to T = 1,Y = W = 0, for which T®~8,S, W~ - 9,P, Y = 1.
0,8, 0,P are related to the other fields and their ¢ derivatives using the on-shell conditions. That is, 9, is
field-dependent in the tilde-slicing. While one cannot define the charge associated with 0,, the corresponding
charge variation is well-defined.
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The 817@2 term takes into account the explicit ¥ dependence which in part comes from
symmetry generator £. Using (4.20) in the tilde-slicing (4.28) for & = (T, W,Y) arbitrary

and & = 0p, one has
1 27

167G Jo

Following [27], we name this equation as generalized charge conservation equation (GCCE).

d

pF Qt = do W + 0;Q¢. (4.32)

This equation shows that due to the central term in the Heisenberg part the charge associ-
ated with £ = (0, W, 0) while integrable, is not conserved, whereas the charge associated
with & = £(T,0,Y) are both integrable and conserved.

The other central charge in the Virasoro part of the algebra (4.30) does not appear
in the GCCE (4.32), as this equation captures evolution in . One can see the effects of
this other central charge by studying “evolution” in ¢~) direction, such that aq; = £(0,0,1)
in the tilde-slicing. Similarly one could have locally defined another # coordinate such that
70 = £(0,1,0) in the tilde-slicing. The “evolution” in In 7 would again involve the central
charge in the Heisenberg part. All in all, the central charges yields a non-conservation in
the associated charges. This matches with the usual statement that central charges are
“anomalies” for conserved charges.

4.5 Non-expanding backgrounds, example of BTZ

So far we discussed the most general solution phase space and charges in the VCT sector.
An important subspace arises when the background is non-expanding x = 0, where y is
defined in (3.6a). Note that this is consistent with the equations of motion (4.2). An
important example in this class is when the null surface is a Killing horizon, like the cases
in Einstein gravity discussed in [26]. The phase space of the non-expanding sector cannot
be directly derived from the generic case, as in the vanishing expansion limit, P (3.9) and
the change of slicing to T (3.14) become ill-defined. We need to revisit our charge analysis
for such cases keeping T untouched.

While for the background y = 0, one may allow generic perturbations for which x # 0.
For y = 0 field variations (3.13) generated by the null boundary symmetry £ (3.12) take
the form

5eQ = 95(Y Q)

Sed = 0,Y +YOuU —U Y ,

Sen = —Wn + 200,T + ?8(1,77 +2nKT — 2UnOyT

dex =0 (4.33)

. 2w0yT T
6¢7 =Ty — 70T + TUIT — TOp(TU) + 0(Y'T) — w%’ ~ % (%)

0T = Y9, Y + 2Y0sY + QoW + 20T Ty,
ek = YOyk + 0y (0T — UOST + KT) — Uy (8,T — UIT + KT)

where W,V are defined as in (3.14). Note that the null boundary symmetry generators
cannot take us to a nonzero x values. Nonetheless we may still allow dy # 0, while

~19 —



computing the charge variations (2.19). One has

167G 0Q% 6| _y = W6 (Q+ ;;;) +?5{T+i

02 2
()

5 (0620400 — 5Q 9,46:)

4TS [—2a¢ (g) n 2}“’;(]

(4.34)
o [(m 56 (7 Q) — 6U 5(7 Q) +

Q

+ W ((557] 8¢(57] — (57’] 8¢55n)] .

The last two lines may be removed by the Y-term (4.7) without the last term. The
integrable part of the charge is hence given by

. 1o 1T
Q) ~ = [ o1 (Q + 29) (4.352)
N 2 Q2 TZ
Q(Y) ~ 167TG/ d¢ v |T 4= (gz +92>] , (4.35b)
1 o 2
QN ~ fog | 0T [—28¢ (g) + ;‘ﬂ 0. (4.35¢)

As we see the charge associated with 7' is vanishing and is hence a trivial transformation.
We may use this “gauge freedom” to set n = 1.3 The “non-expanding physical solution
phase space” is then described by the two charges:

A 17T
=04+ —— 4.
S + L2 (4.36a)
. 1/(92 7?2
=T+ - =+ — 4.
J +,u<£2+4§22>’ (4.36Db)
with the transformation laws
~ A 1 ~
(ng ~ }78¢j + 2j6¢? + 38¢W . (4.37b)

These transformation laws imply the following algebra

(8(0,6),8(v, )} = %aﬁaw &), (4.38)
(T (,6), 8, 8)} = 16wGs<v,¢>a¢6<¢ ), (4.38b)
{J(,0),J(v,¢)} = 167G (T (v,6)0y — T (v,6)0 ) 66 — ). (4.38¢)

The above algebra is a U(1) Kac-Moody algebra with the U(1) current S, at level 1/(16uG)
and the Virasoro part, which is generated by J , has vanishing central charge. This is to be

13 This may be done setting d¢n = 0, = 1 and solving for T'. See section 6.3 of [27] for a similar discussion.

—90 —



contrasted with the algebra of the generic case (4.28) where the Virasoro part has a central
charge equal to 3/(uG). Absence of the Virasoro central charge in the non-expanding case
can be traced to the fact that this central charge is arising from 83)73 term in (4.5) and
that P vanishes in the non-expanding case. As discussed this central charge is related to
the gravitational anomaly of the presumed dual 2d CFT. One may then check that for the
non-expanding case the diffeomorphism non-invariance of the CS term vanishes for a null
boundary with zero expansion ©,.

It is also interesting to note that upon the redefinition j j j — 5‘ 2 the algebra
takes a simpler form as {j S} = 0. However, recalling (4.36), J = (% w)Q2. At the

A

chiral point ¢ = 1 [88], the algebra degenerates, as J = /JJS2 and one remains with a
single independent charge.'*

An example for the non-expanding cases is when the r = 0 null surface is Killing
horizon of a black hole. These cases were studied in [26] for Einstein gravity in diverse
dimensions. It is readily seen that the “BMS-like slicing” with s = 0 in that work matches
the p — oo limit of (4.35).1

BTZ example. As an illustrative example of such backgrounds, we consider the BTZ
black hole background [40] which is a solution in the VCT class. Let us choose = 0 null
surface to be the outer Killing horizon of the black hole. In our v, 7, ¢ coordinate system
the metric takes the form,

2

2
)(h)—%?dvdr4—0~+r+) (d¢——r+r_)2dv) :

9 T
= (r+2ry) [1-
ds” =~ (r+2ry) ( ( or+ry

TR
(4.39)

where r1 are the horizon radii. In terms of the near r = 0 expansion (3.1), one has

n=1, Q=ry, Ry =2r,
r_ R1U 2r_
U=—, U, =
T+£ QQ €T+ (440)
r2 —r2 1 3r2
V=2t ——=29 Vo=—(1
1, T gt o)

where Kk = k;; is the surface gravity and U is the horizon angular velocity. Thus the
quantities appearing in the redefinition of symmetry generators are

2ry T r3 +r? r_
0o = ——

T=- / ) X:Oa T::la 2 , W= ——" (441)

As a simple check, we note that the field equations (4.2a) and (4.2b) are trivially satisfied
while (4.2¢) is satisfied as k = Q/¢? — w?/Q.

1 As a side remark we note that at the chiral point ;¢ = 1, the expression for T in generic case (4.5)
takes a much simpler form pT = %752 + 8¢,75 — 27y, where P = QMQ + 04P. Thus, the algebra at the
critical point does not degenerate in the generic case due to the —27x term.

5Note that P of [26] corresponds to S in this work.
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Therefore the background charges (4.36) are

A 2 1 A
Sore = 20 Q0 W,0) = 7 <r+ _ Mr) W) (4.42)
_ py = L (e AR

where WO9(v),Y%(v) are the Fourier zero modes of the associated symmetry generators.

Sgrz, Jerz are respectively proportional to the Iyer-Wald entropy and angular momentum
of BTZ black hole in TMG.16

5 Non-vanishing Cotton Tensor (NVCT) solution phase space and
charges

After the warm-up, illuminating case of vanishing Cotton tensor solution phase space, we
now consider the phase space for generic TMG solutions, when Cotton tensor does not
vanish. This case is important and interesting as it allows for propagating massive chiral
gravitons and hence non-zero fluxes are expected.

5.1 Equations of motion

Our starting point is again metric (3.1) and the conventions sets in section 3. The equations
of motion (2.10) &,, = 0, for NVCT case to lowest order in r, give

2‘/2 3T2 2 T8¢T] (8¢77)2 27;)(;5
I of _ N — =
& gM 772 + 294 + g2 QBn 277292 + QQ

1 T
= l’ulugw, =Tu— m [wﬁl - 8(]57?1 + &ﬂ}d, - 8¢(U77¢) — :‘<67E¢ + de):| =0, (5.2)

0, (5.1)

Q

€1 1= 4" " E = Thp — :Q {5’117% — U T — 2Tpe0U — %
(5.3)
— Q0 (m’) — W Ty — 7T — XQE] =0.
Q 2

As the VCT case, equations & = 0 and &4 = 0 can be treated as equations that determine
k and U. Unlike the VCT class, second order terms in the metric appear at leading
order in the equations of motion. This is the case for (5.1) where V5 appears. Hence this
equation cannot be used to determine a third leading order term in (3.1). Therefore, the
NVCT solution space is described by four independent functions of v, ¢; three of them are
parametrizing the BDoF of the solution space and the last one, which may be taken to be
T (or 7), encodes the degree of freedom associated with the massive chiral graviton.

16 As a side remark, we note that these expressions can be written as Sgrz = (St — %)Wo(v), JBTZ =
(J— %)?O(v), where S1 are the entropy of the outer and inner horizon and J, M are angular momentum

and mass of a BTZ black hole of horizon radii r4 in the usual Einstein AdSs gravity.
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5.2 Null boundary symmetries and surface charges

The null boundary preserving diffeomorphisms which generate symmetries of the solution
phase space are given by (3.12). These generate field variations (3.13) over the solution
phase space. The algebra of the symmetry generators are given in (3.15), (3.16).

To compute the charge variations associated with the symmetry generating diffeomor-
phisms we use the general equation in section 2.2. The density of surface charge variation
can be rewritten as

N ~ 2 7E¢ 1 T QT'E[
zYé{T—[T +00 ()H selo+—~)-9 5P
u el °\ 7 3 2 Q o\ T
A 20T, T\ 277,69 1T 107,
1 1
+M[5u55(79)—55u5(m) 57 (0620500 — 692.0,0¢9)
4 —— (8¢ Dy01 — 61 Dyden) + 20 b <Z ) —26:06 (Z‘f’)
AL 50
?2 a¢57>—Qa¢557>] (5.4)

The last three lines of the above equation have been written in a suggestive way, ready to
be absorbed into the Y-ambiguity term

1 1 T, 1
BAldg:g] = ~ 5 Th{ + 5 mal’TS+50 (X - magv) , (5.5)
whose ¢ component is
0Q04  dndyn Ty 082
2By = — — QroU — 6 259——— .
é 202 4n2 + Q7 oud w+ Y ad’P +O(r). (5.6)
Subtracting off the Y-term, the charge variation becomes
1 2 o _ ~
N —— QO+Y T
5Q () 167@/0 d¢{wa + V6T +ToP
. A (5.7)
2T Ty Q0 2Q7T;60Q - 17
20T | 207, a¢[y<9+%9)]}
with
- 2 ’ﬁd)
jzzr—{fr + 00 ()} 5.8
| Teo o\ (5.8)
where Y =Y and with the change of slicing
~ 2071 Ty,
W= —0:P + e =W+ 28¢,Y Yﬁqﬂ? (5.9)
1T Q1T
T:=06(Q4+—=]—
‘ ( T2 9) ’ < e )
T 1T 107, . 1T
=— (09— ——+ - Y| Q+——=]]|. 1
Q( n20 " X)Mb{ (+2M9>] 10
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The charge variation (5.7) can also be written as

1 g 5 - - 207,69 T T
6Q@yvuth;d¢{WWS+Y&ﬂHMP—XG—2MP+MX T\ (5.11)

where S, T are defined in (4.23), (4.25). As already stated the charge variation is not
integrable which is due to the presence of flux through the boundary. However the change
of slicing is essential to interpret the different elements of the surface charges and their
algebra. We elaborate on these in the rest of the section.

To treat the non-integrable charges, we use the Barnich-Troessaert modified bracket
(MB) method [23]. The charge variation (5.7) is split into two, integrable and non-

integrable, parts §Q(&) = §Q (&) + F(dg; €) where
2

Q' = 15rc |, dp [WS+V T +TP] (5.12)
Pl =i [ a6 () {2-a,]v (s+ Lop)+ov] b Gy

where the non-integrable is associated to the flux [23]. Indeed, we note that the null
boundary symmetries generating vector field (3.12) on the null surface N takes the form
E=TI+ 176(;5. The flux F' is hence through the null surface because [ is perpendicular to
N. Moreover, the flux F' (5.13) is proportional to 7j; at » = 0, which recalling (2.11) and
the metric ansatz (3.1), 7y = Ry. That is the flux is proportional to the Ricci curvature
along the null surface. Assuming the classical null curvature condition Ry > 0 the flux
is always non-positive,!” in line with the usual classical intuition that the flux just passes
inside (inward) through the null surface.
The transformation laws of the integrable parts of the charges are then obtained as,

- Q7T
5§S—T+8¢ <2MX2> (5.14&)
5P = —W + QQ;T” (5.14b)
5§j Y(9¢.7 + 2J6¢Y — *8¢Y + 2T8¢ (TZT> + (TlT> 8¢T — 298¢ <W>
X2 1x? X3

where we did not write 7" in terms of T and Y for brevity. Also equations of motion for
NVCT case imply that

0T —UDGT — 2T 0gU + 8¢u — 270, (Tl ) Tu QTuTig

— o1 + 200 ( );zo. 5.15
wx/) px 2 *\ 2 (5.15)

The mtegrable—non—mtegrable split in (5.12) and (5.13) was somewhat arbitrary. This
arbitrariness can be fixed using the modified bracket (MB) method [23]. Here we skip the
details and interested reader can e.g. see [27] for a quite similar analysis. Going through
the modified bracket analysis reveals that Q'(€), F (0, g; &2) (5.12), (5.13) satisfy,

(@) Q@}  =0a0'(6)+Flags) (5.16)

"For Ry > 0 we have the usual focusing theorem stating that the expansion ©, is never increasing

in time.
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with
{QI(£1)7 QI(§2)}MB = QI([gla 52]adj‘ bracket) + Kgl,gg. (517)

Here F' is a field-dependent expression and K is the field-independent central charge,
Koo = — /Q”dgs[m Ly 95%, — (1 9) (5.18)
§1,62 — 167G Jo 112 P 10412 . .

The central term K is the same as (4.21) and the algebra is the same as (4.28). We
therefore, recover the same Heisenberg @ Virasoro algebra as in the VCT case and as
explicitly seen, the flux (5.13) vanishes on-shell for the VCT case.

We should stress that what we call K is a bit different than the one discussed in [23]:
the central extension in [23] can be field-dependent and satisfies a “generalized 2 cocycle
condition”, whereas our K is field independent and satisfies usual 2 cocycle condition
under the modified bracket. In other words, (5.17) defines an algebra with a usual central
extension. Of course, as we have seen in earlier analysis in this paper, being field dependent
or not depends very much on the slicing. In particular, by field-independent K here we
mean that there exists a slicing where Ky, ¢,, which is antisymmetric K¢, ¢, = —K¢, ¢, and
linear in both of &, &2, become field independent. Expression (5.18) is an example of such
field-independent K.

As will become more apparent in the next part, the K and F terms carry different
physical and mathematical meanings: presence of K leads to charge non-conservations
which are reminiscent of quantum anomalies, while a non-zero F is due to a classical
flux of charges (or bulk degrees of freedom) through the boundary. Therefore, we will
exclusively call the field-independent K-term, the central charge and the field-dependent
F-term, the flux.

5.3 Chiral massive news and generalized charge conservation equation

To understand better the physical meaning of the central charge K and the F-term flux,
we study more closely the modified bracket equation,

6CQI(§) - QI([& C]ad,y bracket) — Kee = —F(5§g; ¢) (5.19)

where (, £ are two arbitrary symmetry generators.

We crucially note that (5.19) and in particular the adjusted bracket there, is written
in the tilde-slicing. As in section 4.4, let us rewrite (5.19) for ¢ = ((1,0,0) in the tilde-
slicing and £ arbitrary. One can always find a local coordinate © such that d; = ((1,0,0).
Recalling (4.27), we have [95, €], paaee = 0 for any § (T,W,Y) and therefore, using the
definition (5.19), (4.31) takes the form,

L) = 5,0 + S-Q )~ Kea, — Flocg, &) + -Q'(E),
(5.20)

2m _ 1 2w O
W, P~ —gg [0t 0
0

Koy = — b
&% = 167G Jo e

where we used (5.18). Recalling (5.12), the 8%@1({) term is Q'(0¢/07) plus a term coming
from 05 of S,P or J. Using explicit expressions for S,P or J in terms of fields on
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the solution space and once one chooses the equations of motion for boundary degrees of
freedom, (5.20) is expected to become an identity. One should, however, note that in our
maximal boundary phase space setting, we do not specify dynamics of BDoF.

Equation (5.20) which holds for an arbitrary vector field £ is the main result of this
section and reveals the physical meaning of the flux and the central terms. In the absence of
genuine flux F' and the central term K, we arrive at the identity %QI(@ = %Ql(f) This
equation, which was dubbed as Generalized Charge Conservation Equation (GCCE) in [27],
relates non-integrability of the charge to its ¥ dependence. GCCE is a generalization and
extension of the “flux-balance equation” in the context of 4d asymptotically flat gravity
and the BMS charges, where the flux is called “Bondi news” [89], see [22, 23] and [90] for
some recent discussions and references. GCCE states how the fluxes which pass through
the boundary are imprinted in the corresponding surface charges. In our case the flux is
associated with the chiral massive gravitons through the null boundary at » = 0 and as we
see from (5.20), the flux vanishes for backgrounds with 7;; = 0. This happens for all VCT
backgrounds and a class of NVCT backgrounds that we discuss in the next subsection.

We should stress that the GCCE is different than similar equation in 4d flat space e.g.
discussed in [22, 23, 27], because we not only have the news, the flux term F, but also
there is a field independent central charge contribution which is absent in those analysis.
In the 3d Einstein gravity analysis [24], there is no flux but the Heisenberg central charge
K is also present and sources the non-conversation of charges.

As a last comment, we stress again that the GCCE is written in terms of the time o
and not of the coordinate time v, used to write the metric expansion (3.1). One could not
have performed a similar analysis using the time v, since 9, is not field-independent in the
tilde-slicing, cf. footnote 12.

5.4 Non-expanding backgrounds, example of warped solutions

In the non-expanding y = 0 case, as implied by (3.11a), 7; = 0. Moreover, one can
consistently set dxy = 0 in this sector. Therefore, flux (5.13) vanishes and the charges are
expected to be integrable. However, as in the non-expanding VCT case of section 4.5, the
non-expanding case should be studied more carefully as the change of slicing which brings
us to the integrable slicing becomes singular.

In the non-expanding VCT case of section 4.5, the charge P associated with the v
translations generated by T'(v, ¢), vanishes over the solution phase space. Therefore, it is
pure gauge and it can be used to fix further the gauge. As we will show below, in the
NVCT case this does not necessarily happen, unless 7;4 also vanishes. In general we then
have three tower of charges.

We start the analysis by studying the non-expanding field equations.'® The equation
of motion (5.2) reduces to'’

1
M [0uTip — 0s(UT1y) — k Tip) = 0. (5.21)
18See section 6.1 for an exhaustive analysis of equations of motion for non-expanding axisymmetric case.
191f ¢, > 0, then (5.21) implies that Ti4 is exponentially growing in time. We note that this is a feature
of TMG not shared by 3d Einstein gravity.
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The transformation law for 74 is given by

0cTig = 0u(TTig) — Op(UTTi) + (Y Tig). (5.22)

02 r?
(50 5)

1
2022

The charge variation reads as

R 17 N 1
167G Q| _o = W6 (Q + M2Q> +Y6 {T + B

2 Q. on
=7 e (5 - 5) ™)

1
+ m [5?/{ de(T8) = 6eU (T Q) +

(5.23)
(662 0,09 — 692 9559

1
+ W ((5577 8¢(577 — (5?’] 6(;55577)} .

Using the same Y-term as (4.7) without the last term, the charge variation becomes

1 I Aa s 2 QY
$Q(E) ~ 167rG/0 d¢ {W 08 +YdIwver — ;T |:(57E¢ + (Q — 27]) 724} , (5.24)
where , ,
jNVCT =T+ ; (222 + % — 272@) . (5.25)

As we see unlike the non-expanding VCT case of subsection 4.5, in the NVCT case we do
not necessarily lose a tower of charge. The T part of the charge variation (5.24) implies
that there are two distinct 74 = 0 and 74 # 0 cases that we discuss below.

Non-vanishing 7;4. As discussed, we expect the charges to be integrable in non-
expanding cases. To see this explicitly, we introduce a change of slicing as T := iT Ty for
which the surface charge variation (5.24) can be written as

1 2m A A A A .
Q) ~ /0 do (W 68 + V6 wer + T 6P) | (5.26)
where
~ L ”7
P:=In <Q27-1<2¢> . (5.27)
Transformation laws are
~ NN 1 ~ ~
5P = YO4P — W — 409, (5.28b)

The above indicate that the charge algebra is not a direct sum of Heisenberg and Virasoro
algebras. As in the case discussed in the end of section 4.3, upon another change of slicing
the algebra takes the form of direct sum of Heisenberg & Virasoro.
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By making a change of slicing,
< s A = N | 1. 4 s 1. = N
W =W —Y0,P + 40,Y , T=T+ ﬁad’ [4W +Y (,uS + 48¢P> — 8¢Y} , (5.29)

one can show that the charge variation can be written as

5Q(E) ~ - 671T . /0 7 a6 (W68 + V6T wwer + T oP) (5.30)
where charge densities are given by
S=8+ 41Ma¢15, Twver = Jxver + SOP + 40,8 + ;8313 : (5.31)
Transformation laws,
5:S ~ T, 5P =W, (5.32a)
SeJnver = Y pTwvor + 20wver0Y — 282?. (5.32b)

imply that the algebra for the Fourier mode of the charges, cf. (4.30), upon quantisation
{-,-} = —i[-, ], take the form

8, 8m =0,  [Pn,Pum]=0 (5.33a)
(80, Pm] = é%mo, (5.33b)
[j:VCTa ’ﬁm] =0, [jZVCT’ gm] =0, (5330)
(T T = —m) T, + :Gn?’émm,o. (5.33d)

In this slicing we obtain a Heisenberg & Virasoro algebra, but the central charge of the
Virasoro is 4 times that of (4.30). We note, however, such central charges do depend
on the choice of Y-term and one can change the central charge up to a numerical factor;
see [11, 12] for some examples where this can happen. We expect similar option to exist
here and upon an additional term to our Y-term we expect to be able to set the central
charge equal to that of (4.30).

One can examine the p — oo limit. Since the analysis is similar to those we presented
in the previous section, we skip the details and quote the final result: P charges vanish, we
lose one tower of charges and the T transformation becomes a trivial gauge. We end up
with a situation like in the VCT case, of course as expected. See section 6.1 for examples
of such backgrounds.

Vanishing 7;4. In this case one of the surface charges, associated with 7" transformation,
vanishes and as in the case discussed in section 4.5 the corresponding generator becomes
pure gauge. One can fix the gauge e.g. by setting = 1,¢n = 0. The non-zero charges,
which are of course integrable take the form

1

0Q(8) ~ 1=

27 “ “ R “
| a0 (W8S +V6duer) (5.34)
0
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with the charge transformations,

~ ~ A 1 ~
0eS ~ 8¢(YS) + Z8¢W (5.35a)
SeJwvor = Y 0sTavor + 2Twver0pY + SOsW . (5.35b)

The charge algebra is exactly the same as the one for non-expanding VCT case (4.38). The
angular momentum aspect charge jNVCT reduces to j for 744 = 0 and hence we recover
the results in section 4.5. Nonetheless, T4 need not be zero for this case. The warped
TMG solutions that we discuss next, belong to this subspace of solution phase space.

Warped example. The metric describing the spacelike stretched black holes for v? > 1

is given in Schwarzschild coordinates by [58]

2 dp?
AN?R?

ds? = —N2de2 + + R%(df + Ny dt)? (5.36)

where v = %Z and?Y

i {(1/ —|—3> r— +ry)+4vy/ (V2 + 3) TLT‘+—|—3(I/2 - 1) f}
N2 23 (F —Rg )(F — ) (5.37)
Ny = 2+ (1;;—2% 3)r_ry .

This is a stationary-axisymmetric black hole geometry with a Killing horizon at # = ry
generated by
CH = at + QH3¢9

with horizon angular velocity €2, and surface gravity &,

(V2 +3)(ry — )

= , = : 5.38
2ury++/ (V2 +3)r_ry T2 2ur (V2 3) o) (5.38)
Upon the coordinate transformation
l {Ny 1
dv=dt dr, dp =d0 — —~— dr dr = —dr .
"= T oNR ¢ oneg O dr=gpdi (5:39)
metric (5.36) takes the form
ds? = —N?dv? 4+ 2dv dr + R? (d¢ + Ny dv)? (5.40)
Expanding in powers of r, we therefore get
n=1, U=-9Q,, Q= 1
Ly 5.41)
R w_l__(l/—fﬁH) _ 2v—Uky (5.
— T2 w, Tl

H H

20The warped solution is not “circular” in the sense that it does not have (t,0) — (—t, —0) symmetry.
This is due to the presence of the CS term in the action. Nonetheless, if we also change p — —pu, we get
back a solution. This fact is also seen in our charges.
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This is a NVCT background which has vanishing 7;;, 7;4 and a non-zero but constant 7g:

2(1 — v?)
H
The charges for the warped TMG background are
P 1 7 S R A
S=—|—1 )W
4G ( 3VQH ) O(U)’
G- 1 (K2 +4lviy, —v? =3 v (5.43)
T 8G 30007, o).

See section 6.1 for more examples in the 7j; = 0,7T;4 = 0 class. It is also interesting to note
that v = 1(ul = 3) is special in the sense that T4 = 0 and we are hence in the VCT sector.
One may check that in this case the solution reduces to a BTZ black hole discussed in the
previous section.

6 Axisymmetric solutions and an example with non-zero flux

As reviewed in the introduction, solutions to TMG, unlike the Einstein gravity case, has
not been completely classified. For our analysis we only need to consider solutions near
an 7 = 0 null surface. While for general case the equations of motion are quite cumber-
some, assuming axisymmetry they become more manageable. Assuming d; to be a Killing
vector, we may simply drop ¢ dependence in all the functions and we remain only with v
dependence. In this case, (3.11) simplifies to

2
Tu = —%(83(2 —k0,Q), Tip = é@v(Qw), Top = =20y +K) T —2 <w2 - S;) . (6.1)
The equations of motion (5.2) and (5.3) take the form
0u(QTip) — £(QTip) = Q(u€2 — w) Ty (6.2a)
0,2
0uTo0 = 5 Tos = (12 +w)Tip + 7QTy - (6.2b)

Equations (6.2) can be viewed as two second order equations for four variables, , k,w, 7.
Note that U, n have dropped out of the equations. For example, one may solve w,T as
functions of 2, K which parameterise the phase space. Moreover, as (5.15) implies, for the
axisymmetric case 0,J = 0 on-shell, and hence J = Jy = const. for the axisymmetric
cases. This is of course expected as J denotes the angular momentum aspect charge and
for the axisymmetric case it is only allowed to have a zero-mode, the angular momentum.

6.1 Vanishing flux case

An interesting special case is axisymmetric 7;; = 0 solutions. In this case
v v
Q= Q) = const, or Q:A/ eI, (6.3)

where A, )y are integration constants. This is a statement of the focusing theorem for this
class of TMG solutions: for A < 0,k > 0 and €2 is ever-decreasing.
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Generic ©. One can hence rewrite (6.2) as

D2 (Qw) — k 0y(Qw) =0 (6.4a)
QQ
5w? 4 4k TQ 4 400, — 270, — 3 + 208k = const, (6.4b)
They can be readily integrated as,
Qo 0,92 Qowo Qo Qo
=7Ju 2 v — = 00 )
To=To 5 ¢ “=—¢q Tl 01-g) (6.52)
B Qo Qo Qo /=

Equation (6.4b) can be solved for 7(v). The solution phase space is hence completely
specified by k(v),U(v),n(v) and six constants of motion. Note that (6.5a) allow solutions
with non-vanishing 7, and that the CS coeflicient p appears in the equation for Ty, (and
not in that of 7;4).

For this case, the surface charges (5.12) are
2 w .~ ~ 1 n -
— T la4+? -5 V. - To(v). :
=5 (2+2) M. T=a%0). P= (Gl 60

Hence the solution space is spanned by three v-dependent BDoF.

Constant €2. For the constant €2 case, (6.2a) implies w = wy = const. or Tjy = Jyw =
7;2) el *. For the former case, (6.2b) implies T4 = const and for the latter, and one can
also simply integrate 734 equation as 2734 — 2ufdw — w? = const.

The warped solution discussed in section 5.4 corresponds to constant €, w, 74 and
X =0, Ty = Ty = 0 case.

6.2 Non-vanishing flux case

The simplest solutions with non-vanishing flux would be 7j; # 0, Ty = T34 = 0. However, a
straightforward analysis shows that equations of motion (6.2) do not admit such a solution.
Since the analysis when either 7;4 or Ty vanishes does not simplify compared to the generic
case, when all three 7y, Tj4, T4 are non-vanishing, we consider the latter. Equations of
motion (6.2a) and (5.15) imply that

0% (w + Q) + QB;ZQGUw — KOp(w + pu2) =0 (6.7a)
J = Jo = const. (6.7b)

The metric for this solution is described by
ds? = =V dv® + 2ndvdr + R? (d¢ + U dv)? , (6.8)

with 1 = n(v),

V(v,r) =rVi(v) + 2 Va(v) + O(r?) (6.9a)
Uv,r) =U(v) + rUi(v) + O?) (6.9b)
R2(v,7) = Q(v)*+rR; (v) + O(r?) (6.9¢)
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and

,,72

e

2

21 2+ o - 29&,7] . (6.10)

V="

Vi =2nk — 20,1, Va 7

w, Kk are given in terms of € as given in (6.7). The solution space is hence described by
Q(v),U(v),n(v).
For this case, the charges (5.12) are
27

S:@

(2+2) W), T =S Talo), stgm<(@v’;z)2)fro<v> (6.11)

and the flux (5.13) is given by

F(ég;€) = 7% <g§f§> To(v), (6.12)

where 7y is given in terms of €2, s in (6.1). Note one can consistently take the vanishing flux
limit of charges (6.11) and recover charges of the axisymmetric vanishing flux case (6.6).

We close this part by noting that on-shell 7;;, and hence the flux, should scales like
1/p. This is due to the fact that in g — oo limit one should recover the Einstein-A theory,
the equations of motion of which are 7,, = 0.

7 Discussion and outlook

In this work we have continued studying the Null Boundary Symmetry program started
in [24, 27] for TMG. This is the first such example in which a propagating bulk degree of
freedom is turned on and hence provides a good testing ground for the conjecture made
in [2]: we found (1) three tower of charges, ezpansion aspect charge, entropy aspect charge
and angular momentum aspect charge, which label BDoF; (2) a non-zero flux through the
null boundary associated with the chiral massive gravitons passing through the boundary,
the chiral massive news.

Our charges are generic functions over the null boundary, the null cylinder spanned
by v, ¢. The charge algebra in the fundamental slicing has the same form at any constant
v slice. However, as we discussed and showed explicitly, the charge algebra depends on
the slicing of the solution phase space. In the fundamental slicing we have a Heisenberg
@ Virasoro algebra (1.1): angular momentum aspect charge satisfy a Virasoro algebra at
central charge 3/(Gu) while commuting with the expansion and entropy aspect charges.
The entropy aspect charge and expansion aspect charge satisfy a Heisenberg algebra with
1/(8G) as h. Let us focus on the algebra of the entropy 8¢ and the expansion Py, [So, Po] =
i/(8G), then uncertainties in them should satisfy ASyAPy > 1/(16G). On the other hand,
as our generalized charge conservation equation (GCCE) shows the change in the entropy
or expansion comes from passage of flux through the null surface. Quantisation of this flux
then implies a quantisation on the entropy or the expansion. It would be desirable to more
closely study this problem.

The algebra has a direct sum form and is invariant under shift of v. These facts
are slicing-dependent and there may exist slicings which these do not happen. As an
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interesting algebraic question, one may classify all such slicings in which these two features
are present. On the other hand, the fact that such v-independent slicings exist, dovetails
with the “corner symmetry” picture [6-8]. Namely, one may take the corner to be at
constant r,v codimension 2 surfaces. Our approach is, nonetheless, more general as it
allows studying GCCE or flux-balance equations, “time variations” of the charges and the
flux (news). Moreover, this picture suggests that if instead of a null boundary we had
computed the charges at timelike boundaries (i.e. constant radius slices in an asymptotic
AdS or flat spacetime), we should get the same charge algebra. It would be interesting to
directly check this.

As discussed, the algebra of charges depends on the slicing. However, physical observ-
ables should be slicing-independent and field-redefinition invariant.?! Therefore, to extract
physical observables one should classify such invariants. The key concept in this direction
is the notion of “solution phase space”. The solution phase space consists of bulk and
boundary sectors which of course interact with each other through the flux-balance equa-
tion or GCCE. In this work we did not specify boundary dynamics and allowed for generic
boundary sources. Dynamics of BDoF may be formulated through a “refined equivalence
principle” [1] which also takes into account the features and properties of the boundary.

In TMG in general the near null surface solution phase space is spanned by four
functions of v, ¢, three charges 8, (v), Ppn(v), Tn(v) and the flux. The former are to be
viewed as particular basis employed to span the boundary phase space part of this solution
space and the flux, which can be parametrised by Ricci scalar along the null surface Ry,
describe the bulk degree of freedom.?? While our analysis about the solution phase space
near a generic null surface is quite general, we should caution the reader that we have
not constructed the full solutions away from this arbitrary null surface. In particular,
in the TMG case, where we deal with third order differential equations of motion, the
“evolution” away from the r = 0 null surface need not necessarily be uniquely specified
by the boundary data available at r = 0; see [84] for a thorough analysis on TMG and
solutions to its field equations.

TMG has two dimensionless parameters, uf,¢/G and three particular regions in the
parameter space has been of interest:

1) Einstein-A gravity limit, uf — oo keeping ¢/G fixed. In this case, as discussed our
analysis reproduces results of [24].

2) Chiral gravity point, p¢ = 1 [88]. This is special in some different ways: the massive
graviton becomes massless, one of the Brown-Henneaux type central charges (cg in
the conventions of section 4.4) vanishes. and the third order TMG field equations

21 A proof of the field-redefinition invariance of the perturbative S-matrix in quantum field theories may
be found in chapter 7 of [91]. Field-redefinition invariance of a quantum field theory in general and at
non-perturbative level may be argued from recalling the Hamiltonian path integral formulation in which
one is prescribed to integrate over all possible field configurations in the phase space. For the cases where
the phase space includes boundary degrees of freedom, the same argument implies invariance under bulk
field-redefinitions as well as the boundary slicings.

*2Metric near r = 0 (3.1) involves 7 functions of v, ¢ and there are three equations of motion (5.1), (5.2)
and (5.3) which relate three of them to the other four.
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linearised around AdSs; background “degerates” allowing for a log-mode [74, 76, 92—
97]. Tt is hence interesting to study our charge analysis at the chiral point. We did
this in part for the VCT case in section 4.5 (see footnote 14). For the NVCT case,
however, ¢ = 1 does not seem to yield special features in the charges or algebra.
It would, however, be interesting to study this case more thoroughly. In particular,
in this work we considered a generic expansion around an arbitrary null surface
whereas the log-modes are made manifest through their asymptotic behavior. So,
the first step of such an analysis would be to explore the behavior of log-modes in an
arbitrary location in the interior of the geometry, which may be found using solutions
constructed in [97].

3) Conformal gravity corresponds to ul — 0, keeping puG fixed [98, 99]. In particular
it was used in [100] as a first evidence for a holographic correspondence between
asymptotically flat spacetimes and an unitary field theory (a chiral conformal field
theory). The asymptotic symmetry group in [100] is precisely (4.30) in the conformal

gravity limit. This is an indication that our results hold for asymptotic boundaries.??

The most general boundary conditions for pure Einstein gravity with or without cosmo-
logical constant, in metric and first order (Chern-Simons) formulations have been studied
in [3, 4] where it was discussed that the BDoF are given by six codimension two functions.
This is different from our results here and in [24] where we find three codimension one
BDoF. It is important to understand precisely how these results are related. Moreover,
it would be interesting to build a Chern-Simon counting of the most general boundary
degrees of freedom for TMG in the spirit of [3, 4], and connect with our results here.

Gravity may be formulated in the vielbein framework. The covariant space formalism
can be used to compute the variation of charges associated to these symmetries. However,
due to the Y-ambiguity the results are not expected to match with the metric deriva-
tion [18-21]. It would be interesting to compare the charges in the metric and dreibein
formulation of Einstein-A or TMG. It would also be interesting to discuss the 3d dual
charges defined in [101, 102] and understand whether and/or how they are included in the
maximal phase space discussed in this work.
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