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ABSTRACT: When a system emits gravitational radiation, the Bondi mass decreases. If the
Bondi energy is Hamiltonian, it can thus only be a time-dependent Hamiltonian. In this
paper, we show that the Bondi energy can be understood as a time-dependent Hamiltonian
on the covariant phase space. Our derivation starts from the Hamiltonian formulation in
domains with boundaries that are null. We introduce the most general boundary conditions
on a generic such null boundary, and compute quasi-local charges for boosts, energy and
angular momentum. Initially, these domains are at finite distance, such that there is a
natural IR regulator. To remove the IR regulator, we introduce a double null foliation
together with an adapted Newman-Penrose null tetrad. Both null directions are surface
orthogonal. We study the falloff conditions for such specific null foliations and take the
limit to null infinity. At null infinity, we recover the Bondi mass and the usual covariant
phase space for the two radiative modes at the full non-perturbative level. Apart from
technical results, the framework gives two important physical insights. First of all, it
explains the physical significance of the corner term that is added in the Wald-Zoupas
framework to render the quasi-conserved charges integrable. The term to be added is
simply the derivative of the Hamiltonian with respect to the background fields that drive
the time-dependence of the Hamiltonian. Secondly, we propose a new interpretation of
the Bondi mass as the thermodynamical free energy of gravitational edge modes at future
null infinity. The Bondi mass law is then simply the statement that the free energy always
decreases on its way towards thermal equilibrium.
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1 Introduction

Gravitational radiation carries energy. In an asymptotically flat spacetime, an asymptotic
observer measures a flux of gravitational energy F'(u), which is sourced by the incoming
radiation and satisfies the well-known Bondi mass law,

1

F(u) = MB(U) = e o2 T+

*Q|e> <0, (1.1)
where! o(u, z,Z) is the asymptotic shear that characterises the strength and polarisation
of the gravitational radiation in addition to gravitational memory [1-5]. The energy flux is
the time derivative of the Bondi mass Mp(u), which is a two-dimensional integral at future
null infinity. On the relativistic phase space, energy and time are canonically conjugate
partial observables [6, 7], and the question arises whether the Bondi energy is Hamiltonian

n the following, (u, z,Z) are asymptotic Bondi coordinates on J1 and d*Q = —2i(1 + |z|*)"2dz A dZ
is the two-dimensional fiducial area element.



— whether there is a phase space equipped with a symplectic two-form €2 such that the
Hamilton equations are satisfied,
? d
OMp(u)] = —Q( —.,0 1.2
()] £ -0 .6, (1.2
with § denoting a linearised solution of the field equations. The obvious trouble with such
a point of view is that it seems to be incompatible with the existence of gravitational
radiation, rendering it rather useless for any real-world applications. In fact, since the two-
form Q(X,Y) = —Q(Y, X) is anti-symmetric and the Bondi mass M (u) is the supposed
generator of asymptotic time translations, we would find immediately that the energy
is conserved

i) = (M), My ()} =~ 5.5 =0, (1.3)

No gravitational radiation would be seen at null infinity. If the Bondi mass is Hamiltonian,
it can thus only be a time-dependent Hamiltonian such that the Hamilton equations (1.3)
must be modified by an explicitly time-dependent term.? One of the main motivations for
this paper is to understand such explicit time-dependence on the covariant phase space for
general relativity [8-12]. Otherwise we cannot distinguish background fields (c-numbers)
that are responsible for the explicit time-dependence of the Bondi mass, from the actual
phase space degrees of freedom (g-numbers) of the system to be studied. Our basic proposal
is to remowve, in fact, the incoming radiative modes from the covariant phase space and
encode them into auxiliary background fields at null infinity. For given shear, the resulting
Hamiltonian generates the evolution on a reduced boundary phase space of gravitational
edge modes alone. Incoming radiative modes are to be swapped, therefore, for background
fields at null infinity. The situation is reminiscent of what happens in lower dimensions,
where there are no radiative modes at all, and — apart from non-local moduli — all
gravitational observables are the gravitational edge modes alone [13-22].

To set up the basic framework, we start out in section 2 with a simple toy model,
where we explain the covariant phase space approach in the presence of time-dependent
background fields that drive the time-depedence of the Hamiltonian. Section 3 deals with
the classical bulk plus boundary field theory. We introduce the symplectic potential in
terms of a Newman-Penrose (NP) tetrad on a generic null boundary and identify the
gauge symmetries and quasi-local observables on the light cone (section 4). The most
technical part is section 5, where we consider the boundary and falloff conditions of the
spin coefficients for a double null foliation. Our gauge conditions are different from what
is usefully imposed in the NP framework, where only the outgoing (radial) null vector is
surface orthogonal. However, a double null foliation is more appropriate in our context,
because it allows us to first evaluate the null symplectic potential on some generic null
surface V" and obtain the radiative phase space in the limit where A is sent to ZT. Finally,
we integrate the Hamilton equations and compute the energy and angular momentum from
the radial 1/r expansion of quasi-local charges (section 5 and section 6).

*Recall that the Hamilton equations for a time-dependent observable O are &0 = {H, O} + 9,0 rather
than £ O = {H, O}. Below, we will characterise the partial time derivative 0;H in terms of the radiative

symplectic potential on the covariant phase space.



Notation. In the following, we will work in the first-order spin-connection representation
of general relativity [23-25]. All configuration variables are spinor-valued differential p-
forms, i.e. sections ¥ap. a'B. ap.. Of the tensor product bundle consisting of the spinor
bundle Sap. a5, (M) and the p-th exterior power of the cotangent bundle 7% M. Indices
A,B,C,... and A", B',C’,... transform under the spin (1/2,0) and complex conjugate
spin (0,1/2) representation of local SL(2,C) Lorentz transformations. Indices a,b,c,...
are abstract tensor indices.®> The spinor indices are raised and lowered using the skew-
symmetric Levi-Civita spinor eqp = —epa, i.e. 4 = fBeBA and EA’ = EA/BIEB/. Falloff
conditions for the double null foliation and the dictionary between our conventions and
the Newman-Penrose formalism are summarised in a short appendix A at the very end of
this paper.

2 Covariant phase space with background fields

The covariant phase space approach [8-12] is frequently used in relativistic field theories. It
provides a straight-forward method to get the Poisson algebra of conserved charges without
introducing an auxiliary foliation of spacetime, which is otherwise needed cf. [26, 27]. The
formalism is manifestly covariant. However, there is an important drawback. It is some-
what cumbersome to impose boundary conditions, and distinguish external sources, which
are kept fixed at infinity — background fields that Poisson commute with the dynamical
fields — , from physical phase space degrees of freedom, see e.g. [28]. The goal of this
introductory section is to study the problem in a very simplified setting. The gravitational
case is considered below (section 3 and the rest of the paper).

Let us start with a system of N degrees of freedom on the real line with a time-
dependent Hamiltonian, whose time-dependence appears, however, only through an ex-
ternal background field w(t). In gravity, w(¢) will play the role of fixed boundary data at
infinity. A simple example for such a system is a harmonic oscillator with a time-dependent
frequency that can be tuned freely by the experimenter, i.e.

L 1
Hp, qlw(t)] = §(|ﬁ12 +w? ()] ). (2.1)
The action on phase space for such an N-dimensional system on an interval I = (0,1) C Ris
N .
Sip.dle) = | (Zpidql - dt H[f), ¢<t>>w<t>J>, 22)
i=1

where the Hamiltonian depends parametrically on the background field w(¢). Thus the
action is a functional on the infinite-dimensional space of kinematical histories,

Hiin = {7 € CH (I : RY x RN x R) : y(t) = (§(t), q(t),w(t))}, (2.3)

3We will not distinguish between four-dimensional (bulk) and three-dimensional (boundary) indices. If
there is a chance of confusion, we will use a prefix to distinguish four-dimensional tensors (vectors) from
fields that are defined intrinsically on the null boundary: if e.g. m, is a one-form on the boundary, *mq
will denote a possible extension into the bulk.



where (t) is a trajectory in the extended configuration space RY x RY x R 3 (7, ¢,w).
To compute the variation of the action, we introduce the pre-symplectic two-form* on the
infinite-dimensional space of kinematical histories

Qpuik|, := Zd]pz ) hdq' (t) = dOpui|, € Q*(Hpin : R). (2.4)

In addition, we define the following functional one-forms, namely the pre-symplectic po-
tential and the pre-symplectic flux,

N

Opuk|, := Y pi(t)dq' (t), (2.5)
i=1

O s, = —6H[ﬁ(t)ég(t)‘w(t)]d]w(t). (2.6)

Consider then a general vector field 6 € THy;,, and let us consider the derivative of the
action under such an infinitesimal variation, i.e.

5S = — /1 At (0 — X1, 8) + Opuix(0)],; + /1 At O 1s(6), (2.7)
where 0; and Xy are the vector fields,
0 —/dt i'(t) d +p'(t) 0 € THy; (2.8)
o (OHBGW] 6 OH[qw]
) dt( op. o) og o) S 29

The space of kinematical histories is an unphysical auxiliary space. The space of physical
histories Hpnys contains all trajectories that satisfy the Hamilton equations for all possible
choices of w(t),

Honys = { (D, G, w)(t) € Hiin : 4" = 0y, H, p; = —0,H }. (2.10)

Notice that the space of physical histories is infinite-dimensional, because we include
all possible configurations of the background field w(t). To define the physical phase space
P.,, which is finite-dimensional, we need to make a specific choice for the background field,

Pu, = {7, ) € Hphys : w(t) = wo(t)Vt € I}. (2.11)
We thus have a triple of history spaces,

Pw
Pw b ” thys b

Hicin.- (2.12)

For any given background field w(t), the phase space P, is equipped with a symplectic
two-form 2, which is conserved and obtained from the pull-back

Q = (phys © Pw) " Qbulk- (2.13)

4The symbol “d” is the exterior derivative on the infinite-dimensional space of kinematical histories Hin,

and “/\” denotes the exterior product between p-forms in /\p T Hrin.



Each phase space P, is equipped with a corresponding Hamiltonian, which is a func-
tional on the space of kinematical histories: for any instant ¢ € I, the Hamiltonian is a
map H; : Hyin 2 v — H[p(t),q(t)|w(t)] € R. Given a vector field § € THyiy, its variation
satisfies the generalised Hamilton equations

0H; = —(Qpuik)e(X,0) — (Ofux )t (9). (2.14)

In relativity, situations occur, where the action blows up at infinity and it is not imme-
diate to simply infer the Hamiltonian from a 341 split of the action. In such a situation,
the covariant phase space approach provides a simple method to infer the on-shell value
of the Hamiltonian, i.e. the pull-back of the Hamiltonian to the space of physical histo-
ries Hpnys. This is possible, because on Hppys the Hamiltonian vector field Xy coincides
with the time translation 0, see (2.8), (2.9). If we restrict equation (2.14) to the space of
physical histories, we can replace the Hamiltonian vector field Xy by 0;. Integrating the
Hamilton equations on the space of physical histories, i.e. solving

51Hl |, = = (Pphys2out) (D 6) + (hys Ot (6)) (2.15)

for all vector fields § € T"Hpnys, we will then obtain the on-shell value of the Hamiltonian.
In general, this Hamiltonian is implicitly time-dependent. In fact, by replacing the vector
field 6 € THpnys by the infinitesimal time translation 0y € THphys, we obtain

at[H”’thys = _((P:()hys(aﬂux)(at)‘ (216)

We will see in section 6 how these equations show up in gravity.

3 Null surface edge modes and quasi-local graviton

3.1 Boundary conditions

The action in the interior of the manifold is a functional of the SL(2,C) spin connection
A4 p, and the associate spin (1/2,1/2) soldering form e44/,. For the metric to be real, the
soldering form e 4/, satisfies the reality conditions® eqarq = —€4/4. In addition, there are
the Infeld-van der Waerden relations,

/ 1
eacrap” y = S€AB Jab — Y ABabs (3.1)
that tell us that the self-dual Plebanski two-form X apw = XBAwb = —X ABbe and the

signature (—+++) Lorentzian metric g, are the irreducible spin (0,0) and spin (1,0)
components of e44/.€BRB.

In terms of these variables, the action for vacuum general relativity with vanishing
cosmological constant and vanishing Immirzi parameter is then given by the sum of the
self-dual and anti-self-dual action,

Sbulk[eaaas AV pa) = { : / Yap A FAB] +c.c., (32)
G Jm

8

5That the soldering form e 4/, is anti-hermitian is a result of our choice of (—=+++) metric signature.



where FAp = dA%5 + A4 A A€ 5 is the curvature of the self-dual connection and ¥ 45 is
the self-dual Plebanski two-form (3.1).

In the following, we consider a manifold M that contains a light-like boundary. The
limit, where N goes to ZT, will be studied in section 5. The entire boundary OM =
M; UN U M; ! of the manifold consists of the null surface N and two partial Cauchy
surfaces M7 and M, that have the topology of a three-dimensional disc. Each of these
discs is anchored at A/, which is a three-dimensional null surface embedded into an abstract
three-dimensional fibre bundle P(S?%, 7, R). Every fibre v, = 7~ !(z) represents a light ray,
and the canonical projection 7 : P — S? maps every such light ray 7, into its base point
z € 82. The fibre bundle P is ruled by vertical vector fields,

e VP < ml* =0, (3.3)

where 7, T*P — T'S? denotes the push-forward under the canonical projection. We call
any two such vector fields equivalent, /¢ ~ ¢'* and [¢%] is the corresponding equivalence
class. Notice that the null boundary N is only a portion (strip) of P. In fact, the boundary
of NV consists of two disconnected parts, ON = C; Luc,, each of which is a section of P,
i.e. m(Co) = m(C;") = S2. The orientation of each of these sections is induced from the
bulk, i.e. 9M7 = Cy and OM, = C,.

To characterise the free radiative data at the null boundary N, we need to introduce
additional metrical structures that the boundary inherits from the bulk. Consider first
the pull-back® of the soldering form e44/,. On the null hypersurface A/, we can always
find a spinor dyad” (k4,¢4) : ka4 = 1, a one-form k, € T*N and a complex dyad
(Mq,Mq) in the complexified co-tangent space TN such that we can parametrise the pull-
back ¢} : T*M — T*P of the soldering form in terms of the triad (kq,mq,mq) and the
associate spin dyad (k4,¢4),

goj‘\/eAA/ = — iEAZA/k + ikAZA/m + ifA];‘Alm, (34)

where k,0* = —1 without loss of generality and the co-dyad (mg, m,) is always transversal
to the null direction ¢, i.e.
*“mg = 0. (3.5)

Besides the soldering form e 44, it is also useful to consider the self-dual Plebanski
two-form Y 4pqp. For a given tetrad (3.4), the pull-back of the two-form ¥ 4p.p to a null
hypersurface can be parametrised by the null flag ¢4 (i.e. a section of SA(N)) and a
spinor-valued two-form 744 (i.e. a section of Sy(N) @ A2(T*N)),

OnEaB = nalp). (3.6)

50n a null surface AV, there is no canonical projector from T'M into TN, because any normal vector to
N has zero length. On the other hand, for co-vectors there is a natural notion of projection, namely the
pull-back T* M — T*N.

"Our notation may be a little confusing, because there is now the same pair of letters for different objects:
(%, 0%), kol® = —1 is a pair of null vectors, and (k*,¢4) is an associate spin dyad, kaf”® = 1, such that
ieAAIEZAZA/ =/, and ieAA/akAl_cAf = kq. The notation is unambiguous, since kA (resp. EA) and k% (resp.
£%) are ontologically different (spinors and vectors) and can never appear in the same spot.



If we decompose 14 in terms of the triad (kq, mq, M) and the associate spin dyad (k;A, KA),
we find
na = (EA/C — k:Am) A m. (3.7)

The next step is to identify the appropriate boundary conditions and add the boundary
terms to the action in the bulk (3.2). The analysis simplifies considerably by disentangling
the boundary fields (74ap, £4) from the self-dual two-form Y45, in the bulk. Accordingly,
we introduce additional Lagrange multipliers w, (a complex-valued one-form on A) and
N4, (a spinor-valued two-form on N) to impose the gluing constraints (3.6) and (3.7) on
the space of kinematical histories. The resulting bulk plus boundary action is a functional
of the bulk fields (€444, A4 B4) and the boundary fields that consist of the boundary spinors
(N aap, £2), the co-dyad (mq,m,), a vertical vector field £%, which lies tangential to the fibres
P D N, and an additional connection one-form s, € Q'(N) that encodes the non-affinity
of ¢ € TN. The coupled bulk plus boundary action is

A A A
S[eAA’avA Ba‘T]Aab,f 7waaN ab7%a7€a7ma}

1
{/ EAB/\FAB+/ (nAA(D—w—%>£A
M N 2

—wAmAm+NAA (KJUA+mEA)>:| +c.c., (3.8)

i
81

where D denotes the induced SL(2,C) covariant derivative on the null hypersurface, i.e.
D = ¢i/V, and £1ny4 is the interior product® between the vertical vector field ¢* € TN
and the two-form 744, which is intrinsic to the boundary. In addition, N4, and w, are
Lagrange multipliers. The fixed boundary data on the null surface is a gauge equivalence
class of the boundary fields (s, £*, m,) that will be characterised below.

To obtain the equations of motion, we need to specify the boundary conditions for
the action (3.8) on the various parts of IM = M; UN U M, !. On the partial Cauchy
hypersurfaces M, and M, we impose the usual Neumann? boundary conditions,

i 0A s =0, @} 64 =0, (3.9)

where e.g. ¢}, : T M — T*M, is the pull-back from the bulk into the boundary. Consider
then the boundary conditions on the null surface A. In the interior of N, the boundary
fields (nAab,EA,wa,N Aab) are unconstrained and we will vary them in the boundary ac-
tion to obtain the corresponding boundary field equations. Since the action contains also
derivatives of the null flag £4, we then also have to specify boundary conditions at the two
consecutive endpoints of the null surface. At these corners, C, = M, and C; = 0M7, we
impose additional Dirichlet boundary conditions

604 0, 64, =0. (3.10)

’co =

8Using the abstract index notation, we have (£1n4)a = £°Naba.

90On shell, the imaginary part of the Ashtekar connection Al g, = wAB o+ K A Ba 1s the extrinsic curva-
ture that represents the normal derivative of the metric to the hypersurface. The real part of the Ashtekar
connection contributes a boundary term to the symplectic two-form. On a closed manifold fM Sap Adw?B
is exact fM dYap Adw?® =0 and thus generates a symplectic transformation [25, 29, 30].



On the null surface itself, the boundary conditions constrain the variations of the triple
(5a, L%, myg), such that a gauge equivalence class of boundary fields (s, £%, m,) is kept fixed.
A generic such boundary gauge transformation is a combination of vertical diffeomorphisms,
dilations of the null normal, shifts of the abelian connection s, and complexified conformal
transformations of the boundary fields. We will study each contribution below.

First of all, there are the fibre-preserving diffeomorphisms on A/. The light-like bound-
ary N' D OM is part of a principle bundle P(S?, 7, R), which is ruled by the integral curves
of the equivalence class [¢%] of null generators (vertical vector fields). Let us denote by
Diffo(N) the group of (vertical) diffeomorphisms that preserve each individual fibre of N,

Diffo(NV) = {p € Diff (V) : moporn ! =idg }. (3.11)

Notice that any such diffeomorphism preserves the two ends of the null boundary, i.e.
¢le, = ide, and ¢|c., = idc... We say any two such triples (54, %, m,) and (54,0, M) are
gauge equivalent, if they are related by a vertical diffeomorphism,

Vo € Diffo(N) : (9" 5)as £, (9" m)a) ~ (40, (920)",ma)- (3.12)
Next, we introduce the dilations of the null generators,
VN — R,f|{jW =0 : (520, 0%, mg) ~ (54 + Ouf, e 0% my). (3.13)
We then also have a shift symmetry that only affects the abelian connection s,
VC N = C: (520, 0%, m4) ~ (524 + Cmg + (g, €%, myg). (3.14)
Finally, we also have the complexified conformal transformations,
VAN = C: (54, 0%, myg) ~ (%a,e%()‘+5‘)€a,eAma). (3.15)

The boundary data that needs to be fixed along the null hypersurface is the gauge
equivalence class of the triple (s, %, m,) under the combination of these gauge symmetries

0y =0, }=[s0a,0" mg]/~. (3.16)

Any such gauge equivalence class } characterises two degrees of freedom at the null bound-
ary. Let us do the counting explicitly: since ¢% lies tangential to the fibres of A/ and
&%mg = 0 for all £ € [¢%], we see any given triple (3¢, (%, m,) is characterised by 3 + 1 + 4
numbers (mg is complex and all fields (34, €%, my) € TN x TN x TN are intrinsic to
N). The fibre-preserving diffeomorphisms and the dilations remove one degree of freedom
each, the shift symmetry removes two degrees of freedom from s, and the U(1) x R~ com-
plexified conformal transformations remove another two degrees of freedom. This leaves us
with two physical degrees of freedom along the interior of A/, which are the two physical
degrees of freedom of the quasi-local graviton }.

Let us briefly summarise this section. We have defined the coupled bulk plus boundary
action (3.8) and specified the boundary conditions. On the partial Cauchy hypersurfaces
M, and M3, the pull-back of the self-dual connection is fixed. Along the null hypersurface



space of kinematical histories Hyin constraints on physical histories Hpnys
& €Aaq soldering form Veaa =0
. Al g, self-dual connection FBiNnega =0

A null flag D04 = (wa + %%G)KA +PN4y,
g NAab spinor-valued two-form Dny = —(w + %%) Ana— NaAm
§ (wa, N4ap)  C-valued Lagrange multipliers Re(Lw,) =0
:g (54,0%,my)  non-affinity one-form, OnXap =nalp + %EABTI’L Am

null generator, co-dyad: (*mg, =0 €anag = —Lam

Table 1. On the space of kinematical histories Hyi,, there is no correlation between the boundary
fields and the fields in the interior of the manifold. The correlation is established on the space of
physical histories Hpnys, which consists of all solutions of the bulk plus boundary field equations:
there are the Einstein equations and the torsionless condition in the bulk, but there are also addi-
tional constraints at the boundary (boundary field equations).

N, the boundary data is given by the quasi-local graviton, which is the gauge equivalence
class (3.16). What is missing, is to demonstrate that the action is functionally differentiable
for such boundary conditions. This will be the purpose of the next section, where we
compute the boundary field equations and introduce the symplectic potentials along the
various portions of the boundary.

3.2 Bulk plus boundary field equations

The purpose of this section is to compute the saddle points of the bulk plus boundary
action for the specified boundary conditions (3.9), (3.10) and (3.16). In the interior of M,
the situation is straight forward. The combined variation of the self-dual connection A4 g,
and the soldering-forms e 44/, yields the Einstein equations in the first-order formalism,

VeAA/ = 07 (3.17&)
FBinepa =0, (3.17b)

where V is the SL(2,C) covariant exterior derivative for spinor-valued differential forms
VYap. ap, and FAg is the field strength of the self-dual connection. On the other hand,
there are also the boundary fields. The variation of the boundary spinors (144, ¢4) yields
the boundary field equations along the null hypersurface,

1

D4 = —i—(wa + 2%) A+ °NA,,, (3.18a)
1 _

DnA:—(w+2%) Ana— NaAm, (3.18Db)

where D = ¢}V denotes the pull-back of the SL(2,C) covariant exterior derivative to
the null boundary, and w, and N4, are the Lagrange multipliers that appear in the bulk



plus boundary action (3.8). It is easy to show that the boundary field equations (3.18a)
and (3.18b) are unrestrictive. For any null surface N, one can always find boundary fields
Wa, 74 and N4, such that (3.18a) and (3.18b) are satisfied.'® On shell, the boundary fields
(N4, €4) are correlated to the fields in the bulk. The correlation is obtained from the
condition that the coupled bulk plus boundary action be stationary under large variations

of the connection,'!

545 = [/ (VZAB)AéAAB—/ S ap A SAAB 4
™ M MiuM;*t

_/A[(ZAB_'U(AEB)) A §AAB + c.c. (3.19)

The first term vanishes on-shell, namely iff the connection is torsionless, see (3.17a). The
second term vanishes provided the boundary conditions (3.9) are satisfied. The third
term vanishes for given boundary conditions (3.9), (3.10), and (3.16) provided the gluing
conditions, namely equation (3.6) is satisfied. Finally, we also have to take the variation
of the Lagrange multipliers (wg, N Aab) into account, which yield the additional algebraic
constraints

natt = —m Am, (3.20a)
ﬁbUAba = —Lamg. (320b)

Equation (3.20b) aligns the kinematical ruling of P(S?,7,R) with the causal structure in
the interior. The equation implies that the vector field ¢* € TN is null with respect to the
metric in the interior and it also implies that the corresponding null flag is given by ¢4,
ie. 0@ =044 e 44" Equation (3.20a), on the other hand, determines the area two-form
€qpb in terms of the boundary spinors,

Eab = —2im iy = inaal”. (3.21)

Finally, and most importantly, we also have to take into account the variations of
the triple (sz4,0% mg) for given boundary conditions (3.16). Any such variation J[-] is a
sum of four contributions: it is a sum § = §Uff 4 gdilat 4 gshift L scon of a1 infinitesimal
fibre-preserving diffeomorphism (3.11), a dilation (3.13), an infinitesimal shift (3.14) and
a complexified conformal transformations (3.15). Let us briefly discuss each contribution
separately, and show that it vanishes provided the bulk plus boundary equations of motion
are satisfied, which are listed in table 1.

Fibre-preserving diffeomorphisms. The variation of (¢, (%, m,) along the orbits of
the fibre-preserving diffeomorphisms (3.12) does not give any further boundary equations
of motion. This follows immediately from the invariance of the coupled bulk plus boundary
action under vertical diffeomorphisms. In fact, any such diffeomorphism is generated by a

10T addition, the shift symmetry (3.14) always allows us to achieve w, = —@, without loss of generality.

1 The vector field 64 € THyin annihilates all configuration variables on the space of kinematical histories
except the connection, upon which it acts as §a [AABa] = §A” .. The variation is large, if 5A4 g, does not
vanish at the null boundary.
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vertical vector field £* € [¢%] that vanishes at the boundary of A/. The components of the
corresponding vector field 52115 € THyin on the space of kinematical histories are given by
the Lie derivative,

08 [3e] 1= Lese = €4(dse) + d(€s0), (3.22a)
5giﬁ[m] = Lem = Ea(dm), (3.22Dh)
5807 = Ll = [€, 0] (3.22¢)

In addition, 52“5 € THyin only acts on (54, 0% m,), and all other components vanish, i.e.
5215 [A4B,] = 0, 5215 [e447qa] = 0 etc. The action of the Lie derivative, on the other hand, is
well-defined for all bulk plus boundary fields. If £€* € T M is a vector field in M, we have
LeAdp = €4F A, (3.23a)
Leean = Ea(Veaar) + V(Eaean). (3.23b)

If, in addition, the vector field £€* happens to be tangential to the null boundary £°| N € TN,
the action of L£¢ can be naturally extended to the boundary fields as well,

Lt = "Dyt (3.24a)
Lena = Ea(Dna) + D(§ma), (3.24b)
LeNA = €4(DNA) + D(ELND), (3.24c)
Lew = Ea(dw) + d(&ow). (3.24d)

To show that the boundary conditions (3.16) are satisfied, we need to show that the action
is stationary under such 5giﬂ—variations on the space of physical histories (i.e. on-shell),
ie. 5giH[S]prhys = 0. This can be seen as follows: let us first smoothly extend the vertical
vector field £ € [¢?] into the interior of the manifold in such a way that £* vanishes at the
partial Cauchy hypersurfaces M, and M7, which is possible since £% vanishes already at
the endpoints of NV, see (3.11), (3.12). The resulting Lie derivative L£¢ € THyin preserves
the boundary conditions (3.9), (3.10) and (3.16). The bulk plus boundary action (3.8)
is invariant under any such fibre-preserving diffeomorphism, hence L¢[S] = 0 on Hiin.
Consider then the vector field 6g = 5giﬁ — L¢ € THyin. Such a vector field 6g/ clearly
satisfies the boundary conditions (3.9) and (3.10). In addition, it also annihilates the
triple (3¢, %, my), i.e. 6?[;@] =0, 52/[5“] =0, 5g[ma] = 0. Therefore, all the boundary
conditions are fulfilled. At the saddle points of the bulk plus boundary theory, the action
is stationary with respect to any such variation that satisfies the boundary conditions, i.e.
(52/[5] |thys = 0. On the other hand, L¢[S] = 0 anyways, since the action is invariant under
the fibre preserving diffeomorphisms (3.11). Therefore,

diff _ \%4 _
55 [SHthys - (55 + ‘Cf)[SHthys =0, (3'25)

such that the action is invariant under fibre preserving diffeomorphisms (3.11) of the bound-
ary fields (s, %, mg) alone, provided the bulk plus boundary field equations (3.6), (3.17),
(3.18), and (3.20) are satisfied.
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Dilations. Next, we consider the dilatations (3.13) that act via (3¢,,0% mg) — (324 +
Oof,el %, mg) for any f‘aN = 0 onto the triple (s, {*, m,) of boundary fields. The corre-
sponding vector field 5}“1“ € THyin generates the infinitesimal transformation

55" [5¢4) = Da f, (3.26a)
5§t [ee] = fee, (3.26D)
and annihilates all other bulk and boundary configuration variables on the space of kine-

matical histories, e.g. d¢[eaarq] = 0. The resulting variation of the bulk plus boundary
action (3.8) yields

i

) 1
5diat[g] — [ /N ( — 5df Anat* 4+ [NAA M?A) - c-c.]

- 871G
i

e [/J\/ (;f d(nat®) + FNAA €J77A) - c.c}. (3.27)

In going from the first to the second line, we used Stokes’s theorem. There is no boundary
term, since f ] an = 0. Lets now simplify this expression. On shell, i.e. on the space of
physical histories, the imaginary part of the SL(2,C) invariant singlet n4q,¢” equals the
area two-form e, € Q%(N), see (3.21). The exterior derivative of the area two-form defines
the expansion of the null hypersurface,

de = —ﬁ(g)k NEe, (3.28)

where the one-form k, € Q'(N) is dual to £%, i.e. /%k, = —1, as in e.g. (3.4). We then also
know that the boundary spinors satisfy the boundary field equations (3.18a) and (3.18b),
which allow us to write the expansion of the null surface in terms of the Lagrange multiplier
NA,. A short calculation gives

de = id(nal") =i(Dna)l* +ina A DY = —iNa Al +ina A LNA
= —iNag ALY —i(fana) A NA = —2i(lama) A N2 (3.29)
Going back to the variation of the action (3.27), we thus have

5§ [S] —— (3.30)

On the space of physical histories, the dilatations of the boundary fields (34, 0% mg,) —
(34 + Ouf,ef 0%, my) for f‘a/\f = 0 preserve the action.

Shifts of s,. The case for the shift symmetry (3.14) is immediate. The corresponding
vector field acts as

S [30,) = (g + coc., (3.31)

and all other configuration variables are annihilated by the vector field o, € THyin, €.g.
6c[64] = 0. On-shell, the variation of the bulk plus boundary action (3.8) under such a

- 12 —



shift of s¢, is now simply given by

shi i _ =
gt [SHthys =~ 6:C /N ((¢m + {m) Anat? — c.c.)

thys

1 _
= - — T A 3.32
82 Jy ST Cm) A, (3.32)
The last term of (3.32) is identically zero, since the area two-form g4, is given by € =
—im A m, such that e.g. {m A e = 0. Therefore, the action is invariant under the shift
symmetry (3.14),
shift _
¢ [SHthys =0. (3.33)

Complexified conformal transformations. Finally, let us consider the complexified
conformal transformations (3.15). The corresponding vector field 05°" € THyiy is defined
by its components

1 _

Y] = 5()\ + A)e?, (3.34a)
I ma] = Amy, (3.34b)

and all other bulk and boundary configuration variables are conserved by 4", e.g.
dxleaarq] = 0. For any such a vector field 65" € T'Hyin, the corresponding variation
of the bulk plus boundary action is given by

con _ i - — A _
5SmS) = e /J\/ (i)%e(A)( 2wAmMAM A NN (Cong +mla))
+i0m(A) (N Amla)) + e (3.35)
On shell, the second term vanishes thanks to the gluing condition (3.20b). The third term

does not contribute either: the three-form %N ANmly = de is real (de = dé), such that
the third term is cancelled against its complex conjugate. In other words,

nron (3:18),(3.20) i
N ) N

= % /Ni)f{e()\) Re(w) Ae. (3.36)

1
(—29‘{2()\)w/\m/\m+23m()\)de> +c.c.

For arbitrary A and 43 # 0, this variation vanishes iff
Re(Lw,) = 0. (3.37)

Therefore, the time component PRe(¢?w,) of the real part of the Lagrange multiplier w,
must be set to zero on the space of physical histories Hppys. This in turn implies that the
one-form »¢, determines the non-affinity of ¢%. In fact, if we go back to the boundary field
equations (3.18a), and take into account that f%e 441 = i¢4la and Vea = 0 (vanishing
of torsion), we find

on Hpnys : V500 = ieg 0@ (P Dy(0HA) = 03,09 = k°. (3.38)
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Summary. In this section, we identified the saddle points of the coupled bulk plus bound-
ary action (3.8) for fixed boundary conditions (3.9), (3.10), (3.16). The saddle points of
the action are characterised by the Einstein equations in the bulk (3.17a), (3.17b), and the
boundary field equations (3.18a), (3.18b) and (3.37) that determine the evolution of the
boundary fields (1“4, £4) along the light-like boundary . In addition, there are the con-
straint equations (3.6) and (3.20) that follow from the variation of the selfdual connection
and the variation of the Lagrange multipliers N4, and w,. The free initial data along the
lightlike portion of the boundary is given by the quasi-local graviton, i.e. the gauge equiv-
alence class } that characterises the two radiative modes along the null boundary. Table 1
summarises the field content of the bulk plus boundary field theory and the constraints
that determine the space of physical histories.

3.3 Corner terms and symplectic structure

The variation of the action (3.8) determines both the bulk plus boundary field equations
as well as the symplectic potentials,

0[S] = =On1, () + Onr, (6) + OA(0) + EOM(S). (3.39)

In here, § € THy, is a tangent vector on the space of kinematical histories, O, Oy,
and Op € T*Hyy, are the pre-symplectic potentials for the various components of the
boundary (recall that OM = M; UN U M, !), and EOM € T*Hy, denotes a one-form,
whose pull-back to the space of physical histories vanishes (i.e. it determines the bulk plus
boundary field equations). Clearly, there is no unique splitting of the variation (3.39) into
the various component parts. First of all, we can always add terms to the various pre-
symplectic potentials that vanish on the space of physical histories (provided we add the
appropriate counter-terms to the one-form EOM). In addition, there are ambiguities at
the corner [31, 32]. For example, N has a boundary consisting of the two corners, ON =
C, UCy !, such that the 4-variation of the boundary action (3.8) generates a corner term,

i 1
5palS] = —— 5€A—/5€A(D ( )/\ N/\‘) ., (3.40
gA[ ] 87 aN??A v na + w+2% na + INa m) +c.c., ( )
= 0on—shell
where d,a € THyiy is the vector field on field space
) —/5€A5+cc (3.41)
A = N 5€A .C. .

The second term of (3.40) vanishes provided the boundary field equations (3.18b) are sat-
isfied. The first term is a sum of two corner terms. To make sure that large SL(2,C)
transformations'? of the bulk plus boundary fields represent unphysical gauge transforma-
tions, we include these corner terms into the pre-symplectic potentials Oy, resp. ©js, on

128uch gauge transformations are generated by vector fields dn € THuin for gauge parameter A“p :
M — 51(2,C) such that §5[A? pa] = —VaA? 5, 4 [P 00] = 201 e8P, a0 as] = A sntas, 4[01] =
A48 and AAB|(W #0.
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the partial Cauchy surfaces M, and M, see [31] for details. Accordingly,

i
Oy = U Yap A dAAB —% d]EA] + c.c. 3.42
M=l TAn - nA c.c (3.42)

The pre-symplectic potential © s on the null hypersurface N is then inferred from the
variation of the action (3.39) for given boundary conditions (3.16). Taking into account
the boundary field equations (see table 1), we find!?

i
87G
_ L4 A A _

- /N [ = 57l Ade = ((dONA) Ama = kA (N a A dim] + ey (3.43)

1
Op = /N [ = 5malh Ao+ N4 (d0)ma + N4 A din] + cc.

where k, € T*N is a one-form dual to ¢% that satisfies k,¢* = —1. For all practical
calculations, it is now useful to replace ins¢” by the area two-form e = —im A m and
eliminate the Lagrange multiplier N4, from (3.43) in terms of derivatives of 4. Going
back to the boundary field equation (3.18a), we have

(N4l = £4D0A, (3.44)
We may now replace (3.43) by the following simplified expression'*
On = ——— [ cndset+ (eaDe ek A ) — c.c.) (3.45)
871G Jn 881G Jn v ’

It is important to realise that the one-form O, depends only on the triple (s, %, mg).
This is obvious for the first term in (3.45). The second term, on the other hand, involves the
one-form ¢4 D¢, which is completely determined by shear and expansion of 2. This can be
seen as follows. Consider an adapted Newman-Penrose null co-tetrad®® (%k,, */,, *m,, 4m,),
whose pull-back to N is given by gpj\/(4ka, 4., 4my, dmy) = (ka, 0,mq, My ), with k0% = —1.
Let (k4,04), k04 = 1 be the associated spin dyad such that (3.4) is satisfied. If we then
impose the torsionless condition (3.17a), we can express shear and expansion of the null
surface in terms of the one-form ¢4 D04,

o) = [*m][*m]"'V o'l = —kY 0Am Do (0ala) = —Lam® Dyt (3.46a)
%0(4) = [*m][*m]VV, 4, = [*m]? )PV, = — kY 0AmO D, (Lalar) = —4m® Dol
(3.46b)

where m® is the complexified tangent vector m® € TN such that the push-forward satisfies
(on)«m® = [*m]?. Since 0407 D4 = 0, see (3.18a), we then also have that

EADEA = —%ﬁ(g)m - U(g)m. (3.47)

13The null boundary A is a part of the abstract fibre bundle P(S? 7, R), whose standard fibres 71 (2)
for z € S? are light rays in V. The null vector £* lies tangential to these fibres, and the differential of £*
satisfies, therefore, d¢® oc £*, mqodf® = 0.

MModulo terms that vanish provided the bulk plus boundary field equations are satisfied.

15Given the boundary variables (£*,mq,Ma), such a null tetrad is unique modulo residual Lorentz trans-

formations (*k,, *la, "My, *Me) = (*ke + f *mg + f *Mg, 4o, *ma 4+ f U, *g + ) for f: N — C.
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Notice that shear and expansion can be easily computed without explicit knowledge of
the spin connection. In fact, the ordinary Lie derivative of the boundary intrinsic dyads

mq € QYN : C) along the null generators /¢ € TN determines both shear and expansion,'6

1 . _
Lom = +§ (19(@) + 1¢(g))m +opym. (3.48)
Therefore, shear and expansion are intrinsic to the null surface. The only extrinsic spin
coefficient that enters the pre-symplectic structure on the null surface N is the one-form .

3.4 Quasi-local radiative phase space

In the previous section, we identified the pre-symplectic potential (3.45) on a generic null
boundary N in terms of an adapted Newman-Penrose null tetrad. The next step is to
characterise the pull-back of the pre-symplectic structure to the space of radiative modes,
which are encoded into a gauge equivalence class (3.16) of boundary fields (s¢,, 0%, m,) €
T*NQVNRT*N¢. In here, £ is a vertical vector field, and the dyads (mg, m,), diagonalise
the intrinsic signature (0++) metric qq, = 2m,mmy) on the null surface. The space of such
boundary fields (s, %, m,) is equipped with a pre-symplectic two-form s, which is given
by the exterior functional derivative of the pre-symplectic potential (3.45),

Qn = dOy. (3.49)

At the kinematical level, there are eight degrees of freedom per point: since £% is a
vertical vector field, it is characterised by only one degree of freedom (a lapse function).
The co-dyad (mg, mg), on the other hand, is transversal to the null direction, i.e. V&% € [¢%],
£ € [0% : £%mg = 0, hence there are only 2 x 2 = 4 degrees of freedom in m,. The entire
triple (54, £%,m,) represents, therefore, 3 + 1 4+ 2 x 2 = 8 kinematical degrees of freedom.
The gauge symmetries and constraints reduce them to two physical degrees of freedom
per point.

Fibre-preserving diffeomorphisms. Let us consider the fibre-preserving diffeomor-
phisms (3.12) first. Such diffeomorphisms are generated by vertical vector fields £* € [¢¢]
that vanish at the boundary of N, i.e. {“]co = f“]cl = 0. The Lie derivative Lg,
see (3.22a), (3.22b), (3.22¢) lifts any such vector field on space time into an associated
vector field 52115 € THyin on field space.

We now want to convince ourselves that such a vector field defines a degenerate null di-
rection of the pre-symplectic two-form (3.49) on the space of physical geometries. Consider
thus a second linearly independent vector field 6 € THyin, and assume further (without loss
of generality) that the commutator vanishes, i.e. [9, 5215] = 0. Going back to the definition

“Notice that ¢ : N/ — R transforms as the time component of a U(1) connection under the U(1)
transformations mq — €' ¥mq.
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of the pre-symplectic potential, we now immediately have

Op (88T, 5) = —# N ([,58 N O[3 — d[e] A 55%>
* S;G /N (Le(eaDe) A 5[k A1) = 5[LADEA) A Le(k Am) = c.c.)
= LG (3.50)

where we repeatedly used the identity [\ LeX A0Y = [ Ea(X A(Y)) — [\ X AO(LeY),
i.e. a partial integration and the vanishing of the commutator [d, £¢] = 0. In addition, Cg¢
denotes the generator of fibre-preserving diffeomorphisms

1 i 4 ]
Cé_&TG/jv,Cge/\% M/j\[(ﬁg(EADE JA(kAm) —c.c.). (3.51)

To demonstrate that C¢ generates a gauge symmetry, we must show that it vanishes
(as a constraint) on the space of physical histories.!” The first step is to compute the
Lie derivative of the one-form ¢4D¢4. Taking into account the boundary field equation
E2 Dol = FE9 (504 + 2wa )04, see (3.18a), we have

Le(LaDE) = d (204D +E2D(LaDEY) = E4(Dla A DIY) — €S FAptA P

=0
= —264(DUlak? NpDIBY — €4 F 45t 0P
= +60(5 + 2w)la DI — € FARtAP, (3.52)

where Fyp is the curvature two-form. Going from the first to the second line of (3.52), we
wrote the identity e4? in terms of the spin dyad, i.e. ex® = ¢Bky — kBly4, and repeatedly
used the on-shell identity £4£*Dgl? o L5404 = 0. Inserting (3.52) and the expression for
£4D¢4 in terms of shear and expansion, see (3.47), back into (3.51), we obtain

Le(LaDEMY A (kA — coc. = +%§_J(% +2w)0pk Am A — EFAptHP ANk A —c.c.
1
= —§(§_|%)d£ — EaFAgltMB AR AT — cc., (3.53)

where the one-form w,, falls out of the final result since the reality condition (3.37) is satisfied
(on-shell). If we now take the pull-back of the co-tetrad to the null boundary, recall (3.4),
we may replace the one-form £4¢pm by the pull-back —igoj\[eAA/EA/ = —i3e 4 0*. This
in turn allows us to rewrite the generator solely in terms of the Einstein three-form (3.17b),

EQFABLANB Nk A = +1(E0Fap)A N 3B tB Nk = — i Fagt®t® Nea(PeP 5 A k)
= +iFup A 3B tAB ¢ ik = —Fyp A BeP 44 (3.54)

Substituting (3.53) and (3.54) back into (3.51), we find

_ 1 _ 1 _ ! B sAA
Ce = gec /N(@dg)A% 87G /N(g”‘)dg e N<FAB/\6 wé c.c.). (3.55)

"Equations (3.52), (3.53), (3.54), (3.55) are satisfied only on-shell, i.e. provided the bulk plus boundary
field equations are satisfied, see table 1.
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The first two terms cancel against each other, the third term is the integral of the vector-
valued Einstein three-form (3.17b) over the null boundary. If the bulk plus boundary
field equations are satisfied, the generator C, vanishes. Therefore, the fibre-preserving
diffeomorphisms of N represent gauge transformation that map a given configuration of
boundary fields (s, £% m,) into a gauge equivalent configuration (¢*s,, ;0% 0 my).

Dilations. Next, we consider the dilations that send the triple (3¢, £% m,) into (3, +
Oof,ef %, my) for gauge parameters f : N' — R that vanish at the two ends of the null
surface, i.e. f| g = 0. The corresponding vector field 5?““ € THyin is given in (3.26).
Consider then the one-form k, € T*N, which is dual to £* : k,¢* = —1, and the one-
form ¢4 D04, see (3.47). Going back to our definitions (3.26) and (3.46a) and (3.46b), we
immediately find that fields transform homogeneously, i.e.

5§ [eaDEY) = fesDEA, (3.56)
en 5?“‘“ (k] = (Sj‘lﬂat [eNE] =—feNnk. (3.57)
Let then § € THxin be a second linearly independent vector field. Inserting (3.56) and (3.57)

back into the definition of the pre-symplectic two-form (3.49), we obtain a total derivative,
namely

b i A o
e Né[g]/\df—lr&rG/Nfé[ﬁADﬁ Ak AT = cc

1 1 1
=t /N Slel Adf + /N foldel = g [ folel =0 (358)

On shell, i.e. provided the bulk plus boundary field equations are satisfied, 5?““ is a

Qn(6§7,0) = +

degenerate direction of the pre-symplectic two-form (3.49). Therefore, the vector field
5?112“ defines an unphysical gauge direction.

U(1) frame rotations. On the null surface AV, the complex-valued one-form m, € T*N¢
parametrises the degenerate signature (0++) metric g = 2m,my). For any such metric,
the dyad is unique modulo U(1) gauge transformations. Given a U(1) gauge parameter
¢ : N — R, we define the corresponding infinitesimal vector field

U1 _
5@( )ma] = i¢ma. (3.59)

Going back to the definition of shear and expansion, see (3.46a) and (3.46b), we also see
that the one-form ¢4 D¢ transforms homogeneously under such an infinitesimal U(1) frame
rotation, i.e.

SIWeADEY =i Ly DA, (3.60)
On the other hand, the non-affinity one-form s, and the area two-form ¢ = —im A m
are uncharged and so is the one-form k., which is dual to the null vector ¢ : k,¢¢ = —1.
Therefore, 5}; (1)[sab] = 0, etc. If we then insert such an infinitesimal U(1) rotation back
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into the pre-symplectic two-form (3.49), we obtain

QN((S},}@,&):MlG/N(igpa(eADeAAmm) )

1 _
ST /J\/’ <<p6(19(g)k/\m/\m) —{—c.c.) =0, (3.61)
which is the same as to say that the infinitesimal U(1) transformations are unphysical null
directions of the pre-symplectic potential.

Shifts of »,. Finally, we consider the shift symmetry (3.14). The corresponding vector
field 52hift generates spacelike shifts of the one-form s¢,: 5Sh1ft[ o] = (Mg 4 Cmy. All other
boundary variables are annihilated by the vector field (5Sh1ft € Hiin, i-e. 52h‘ft[ o] = 0,
52}11& [?] = 0, etc. Let then § € Hyi, be a second linearly independent vector field on the
space of kinematical histories. If we contract both such vector fields with the pre-symplectic
two-form 25r, we find

(™, 6) = G/ Ble] A G = — G/ SElA(Cm+cc)=0.  (3.62)

The last term vanishes identically since any such vector field § € Hy, preserves the direction
of the null generators of A/, which implies ¢§[m], = 0, which is the same as to say
eNd[m] =0, i.e. d[e]Am = 0, since ¢ = —imAm. We thus see that the shift transformations
define yet another degenerate direction 52hift € THyin of the pre-symplectic two-form (3.49).

Summary. In this section, we identified the degenerate gauge directions of the pre-
symplectic two-form on the null hypersurface N. First of all, there are the fibre preserving
diffeomorphisms (3.12). Such diffeomorphisms are generated by a Hamiltonian functional
C¢, which is a smeared version of the Raychaudhuri equation. The Hamiltonian Cg is a
constraint that vanishes on the space of physical histories, where the fibre preserving diffeo-
morphisms turn into degenerated gauge directions of the pre-symplectic two-form (3.49).
On the space of physical histories (on-shell), the fibre-preserving diffeomorphisms remove,
therefore, two dimensions from phase space (the gauge orbit plus the constraint C¢ = 0).
On the other hand, the dilations (3.56) and (3.57) and U(1) frame rotations (3.59) re-
move one phase space dimension each. Finally, there is the shift symmetry (3.14) that
removes another two dimensions from phase space, see (3.62). The triple of kinematical
boundary fields (¢4, 4% mg), whose functional differential determines the pre-symplectic
two-form (3.49), (3.43) is characterised by eight local degrees of freedom along N'. Remov-
ing the fibre-preserving diffeomorphisms and imposing the Raychaudhuri constraint (3.51)
brings this down to 8 —2 = 6 local degrees of freedom per point. The dilatations and U(1)
gauge rotations remove another two phase space dimensions per point. The shift symmetry
removes yet another directions from phase space, which brings us down to 6 —4 = 2 physical
degrees of freedom along N, which are the two degrees of freedom of gravitational radia-
tion at the full non-perturbative level. The resulting physical phase space is co-ordinatized
by the quasi-local graviton (3.16), which represents the free initial data along the null
hypersurface.
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We defined the quasi-local graviton as an equivalence class (3.16). In defining this
equivalence class, we also removed the orbits of conformal transformations (3.15) from
(54,0%, mg). From a Hamiltonian perspective, this may seem odd, since such conformal
transformations are not gauge directions (it is easy to check that they do not define de-
generate directions of the pre-symplectic two-form). However, no mistake is being made,
because on every such orbit there is only one value of the conformal factor (the gauge
parameter \) that is compatible with the Raychaudhuri equation. In fact, the Rachaud-
huri equation turns into a constraint (3.51) on the kinematical phase space, and it selects a
unique value of A\ on every such gauge orbit for given initial conditions on a cross-section C,
of N (the initial values are X\, = \|¢, and A\, = L¢A|¢,). The construction is reminiscent of
conformal methods on a spacelike hypersurface, where the orbits of three-dimensional con-
formal transformations are used often to determine a local gauge-fixing for the Hamiltonian
constraint, see [33-35].

4 Quasi-local boost and angular momentum charges

Horizontal diffeomorphisms. On the space of kinematical histories Hyiy, the light rays
7n71(2) are shared among different spacetime geometries (histories), but their parametri-
sation is not. There is therefore a preferred class of bulk diffeomorphisms ¢ € Diff(M),
namely those, whose restriction to the light-like portion of the boundary generate horizontal

diffeomorphisms,
HDiff(NV) = {p € Diff(N) : mop o' € Diff(5?)}. (4.1)

Any such horizontal diffeomorphism ¢ maps fibres onto (possibly different) fibres, hence
el € [£°]. If an element ¢ € HDiff(N) is smoothly connected to the identity, it is
generated by a vector field £ € TN : ¢ = exp(&) that projects into a unique vector field
£l =m&t € T'S? on the base manifold (£% is a horizontal lift of &7'). Since the null surface
N C P(S?,7,R) has itself a boundary, which consists of two successive horizontal sections
C, and C; of P, i.e. ON = C, UCy !, and since the exponential exp(£) € HDiff(NV) maps
N onto itself, the vector fields £€* € TN must be tangential to the two cross sections, i.e.
£“|CO € TC, and equally §a|c1 e TC.

To lift such a vector field £* into a vector field on the infinite-dimensional space of
kinematical histories, we first need to extend it into a bulk vector field é‘l € TM such that
€“| N = & There are infinitely many ways to do so and we will see in a moment that
they are all gauge equivalent. Given such an extension of £* € TN into the interior of the
manifold, we may now define the SL(2,C) gauge covariant Lie derivative of the bulk plus
boundary fields,

L:AYp = E0F 4, (4.2a)
EéeAA/ = EJVGAA/ + V(Eaeanr), (4.2b)
Lena = Lena = EaDna+ D(Ema), (4.2¢)
Lot = Let? = ¢1DEA, (4.2d)
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where D = ¢}V is the induced SL(2,C) gauge covariant exterior derivative at the null
boundary. The Lie derivative is a vector field L¢[-] € THiin on the space of kinematical
histories. Since a diffeomorphisms maps solutions of Einstein’s equations onto themselves,
it is clear that the Lie derivative also defines a tangent vector to the space of physical

histories, i.e. L¢ € THphys-

[] |thys

Quasi-local angular momentum. To identify the Hamiltonian generator of such hor-
izontal diffeomorphisms, consider first the pre-symplectic two-form on the partial Cauchy
hypersurfcae M, whose boundary intersects the null surface in a horizontal section
C:0M = C C N. Given the pre-symplectic potential (3.42), the pre-symplectic two-
form is obtained by the exterior derivative,

i

81

Qu =dOy = U dXap AdAAB fjf dmmfﬂ + c.c., (4.3)
M oM

where A is the wedge product of differential forms in T*Hy,. Let now 6 € THpnys be a
second linearly independent vector field on the space of physical histories (i.e. a linearised
solution of the bulk plus boundary field equations). Contracting both L¢[-] € THpy, and §
with the pre-symplectic two-form (4.3) and restricting our results to the space of physical
histories (i.e. going on-shell), we obtain

i

. _ £ AB £ AB
(e )], =g { /M (V(EaBap) A 6AA — 5545 A E2FAP)
— ¢ (Lenadt? — dnalel?) +c.c.
ng Hophys
_ . AB * AB
- UM ((€:8ap) ASFAB — 5245 A EIFAP) (4.4)
+}{ (+E28ap NSAAE — Lenaot? + 517A£§£A)] ‘ +c.c.,
oM

thys

where we used Stokes’s theorem to go from the first to the second line. On shell, the bulk
integral vanishes: setting é AAT = é Jeaar, and taking into account the self-dual decomposi-
tion eqqr N eppr = —€aarXAB + C.C., see (3.1), we find

/M ((€5%ap) A GFAP — 5545 A ELFAP)
- _/ (éAC'eBC/ ASFAB — 5636" Neacr N é_IFAB)
M

= —/ (EACfd[eBC' A FAB] = 5ep® A €a(eacr A FAB)). (4.5)
M

The two terms in the last line vanish thanks to the Einstein equations (3.17b). We are
thus left with a boundary term and this boundary term is a total derivative on field space.
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Inserting the gluing conditions (3.6) back into (4.5), we obtain

i
Q ,CA75 = j{ ) /\5AAB—£ 5€A S [,EA .
M( 3 ) ,thys 87TG |: oM (é.—l AB &TIA + [nA] 13 ) e + c.c
~ G [faM (nA€8[AA 07 + na€aDI5EA] + 8[nalesDL?) + e
phys

We have thus shown that any horizontal diffeomorphism that is generated by a vector field
€ ¢ TN : 1% € S? can be lifted into a vector field ﬁé’?—t 1
phys

of physical histories, which is Hamiltonian: the Lie derivative £é|H € THpnys is the
phys

€ T™Hpnys on the space

Hamiltonian vector field of the quasi-local angular momentum,

Je[C] = (77,4556‘4 - c.c.). (4.7)

i
871G C
Comparison with Komar charge. The more familiar Komar charge for tangential

diffeomrophisms is given by the integral

1
327G Je

JEOMAC] = — 7% %4V L4, (4.8)
where 7% is the two-dimensional Levi-Civita tensor density on the cross-section C C N
of the null boundary. The difference between the two charges (4.7) and (4.8) results
from the fact that the light-like normal to the null boundary N has no canonical nor-
malisation. If, in fact, the outer boundary is time-like rather than null, the pre-
symplectic potential (3.45) on the partial Cauchy hypersurface M will be replaced by
On = ﬁ I ANdAYS — $onr *Eagzad]zﬂ, where a, 3, ... are internal Lorentz indices,
* denotes the Hodge dual on internal indices, A% is the spin connection, X, = €4 A eg
is the Plebanski two-form and z% : z,2% = 1 is the internal and spacelike normal to the
boundary, i.e. ¢3;,2%¢, = 0. The resulting Hamiltonian for tangential diffeomorphisms
is Je = —1/(87G) §yps *X0pz“€*Dyz”, which is nothing but the Komar charge (4.8) for
tangential diffeomorphisms written in terms of first-order spin-connection variables [36].

Although the two charges differ for generic configurations on Hphys (the space of phys-
ical histories), they agree on those configurations that admit Killing symmetries: if the
vector field éa € TM is Killing, it will Lie drag the configuration variables in the bulk up
to an internal Lorentz transformation,

!

LéeAA, = Ve = A geBA + A peAP (4.9)

L: A =E0FA 5 = —VAp. 4.10
3

The gauge element A4 : M — s[(2,C) is determined by the first derivative of the Killing
vector field: the Killing equation implies that Ay = nga is anti-symmetric, its self-dual

component'® is Ayp, thus Ay, = —€apAap + cc. If such a vector field is a Killing field
8The soldering forms eaar, allow to identify spacetime indices a,b,... with pairs of spinor indices
AA' BB, ....
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that lies tangential to C, it will act onto the boundary fields via the internal Lorentz
transformation A4z and an overall rescaling.'? We will thus have

Aa

oo (4.11)
A

Lena = EaDna+ D(Eana) = —AP anp — 5745 (4.12)

where A : N/ — C defines an overall rescaling of the boundary fields. For a given solu-

Letd = ¢.DtA = M peB +

tion of Einstein’s equations with Killing vector £%, we can then always find a rescaling
of the boundary fields such that A = 0, and the boundary charge (4.7) will return the
Komar integral,

i i 1
1 ~ab 1 ~ab d
_ by A , — — _ a c . 4.1
167G p n (* )ab 397G fé N Eab vcgd ( 3)

Helmholtz decomposition of angular moments. The quasi-local angular momen-
tum (4.7) is evaluated against a vector field £* that lies tangential to the two-dimensional
cross section C of the null surface N. The cross section is equipped with a Riemannian
metric ng, which is induced from the bulk, ng = @pgay- The corresponding Levi-Civita
tensor is agb, and the dual tensors are z-:gb and ng, such that e.g. 62"’5%0 = ¢¢°qy,. = [ide]f-
Given a metric, we also have the metric compatible and torsionless covariant derivative D,
on C. This derivative can be extended naturally to spinor-valued fields, where it acts via

the pull-back of the spin connection, e.g.
Dt = ot Dot (4.14)

Since C is equipped with a Riemannian structure, we can use the Helmholtz-Hodge
decomposition of £&* € T'C to split the angular momentum J¢[C] into area-preserving and
rotation-free parts. For a given vector field along C, the Hodge-Helmholtz decomposition
reads

TC 3 &% = R0, f + 200, f, (4.15)

where f and f are functions on the cross section C. The first and second terms are the
area-preserving and curl-free contributions respectively. To insert this decomposition back
into the quasi-local angular momentum, it is useful to introduce a dual and normalised
spinor ki : k‘gZA = 1, which is defined as follows

KGeSy = 1080 Aab- (4.16)

19This can be proven by considering the finite diffeomorphism . = exp(s[,é). Since éa € TM is Killing,
equation (4.9) will be satisfied. Thus @:¥X*? = [exp(eA]*clexp(eA)® pEP, where L ap is the self-dual
Plebanski two-form and ap;EAB is the solution to the differential equation d%gagEAB = EgZAB to the
initial condition ¢:_y3“4% = %42 (i.e. a combination of the ordinary pull-back of differential forms and
the spinor parallel transport along the integral curves of £€%). Consider then the pull-back of the Plebanski
two-form to the null boundary, see (3.6). For given Y 4p in the bulk, the boundary fields n4 and 4 are
unique up to an overall rescaling. We thus also know that there must be a function A : N' — C such that
win® = [exp(eA]* sn® + efATEnA and @24 = [exp(eA]* pLZ + et F A, Taking the derivative with respect
to €, we obtain (4.11) and (4.12).
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Going back to the definition of the quasi-local angular momentum (4.7), we obtain

1

JelCl = “sa bl

1 -
a /C _ c_ _ab c
e(§*Ag + c.c.) = e jé (df NA" —qe 0 A} +c.c.), (4.17)

where we introduced the complexified U(1) connection?”

kGDeA = A€ (4.18)

on the cross section C. The curvature of this connection is related to the self-dual part of
the curvature of the spin connection,

FC = dA® = Dk A DA + K5 DA
= +ESDES A UpDIB — (i Fap)kie®b. (4.19)

The first term is a functional of the shear and expansion of the two null directions that
span the plane orthogonal to T'C (i.e. the extrinsic curvature of C). As we have seen
in (3.47), the one-form ¢ 4D?A, which is intrinsic to the null boundary, encodes the shear
and expansion of ¢%. In the same way, the components of the one-form ksDk“ determine
shear and expansion of the transversal null direction k% =iey A/akAI%A/ such that

1
ki’Dké‘ =+ <219(k)m + 6(k)m> , (4.20)
where shear and expansion are defined as in (3.46a) and (3.46b) above, ie. o) =
[*m]*[*m]*V o'k, and 9y = 2[*m]@[*m|»V,%k,. If the vacuum Einstein equations are
satisfied, only the spin (2,0) Weyl curvature component will be excited, i.e.

FAB = 9AB o p5P 0 Wupep = Viapcn), (4.21)

where U 4pcp is the spin (2,0) Weyl spinor. For a given spin frame (k4,4), its (2x2+1) =
5 algebraically independent components are

Wy =Wy, a0 A A A (4.22)

If we align the spin frame to the cross section, i.e. if we set (ka,£4) = (kG,€4), the curvature
of the complexified U(1) connection on C will depend only on Ws. Restricting equation (3.6)
to C, we obtain

(QEFAB)apki B = W apcpkitB (9520 = — i W Aok UPES 1PC), = — 1 WSES,.
(4.23)
Combining (4.23) with the expressions for shear and expansion along the two null directions,
i.e. (3.47) and (4.20), we obtain the curvature of the complexified U(1) connection (4.18),

. 1 _
FC —i (\I/g + Zﬁ(k)ﬁ(g) - O'(k)O'(g)>€c (4.24)

N.b. the abelian connection A¢ transforms as A° — A° + 2d\ under (4.26) and (4.27).
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The cross section C has no boundary. Using Stokes’s theorem, we obtain
1 2 ~ C = 1 2 F a
Jelc] = M%Cd v fIm(§ — o) + Mygd v f Re(DyAL), (4.25)

where D, A = ngDaAg is the two-dimensional vector divergence of the abelian connec-
tion (4.18) with respect to the induced metric on C and d?v = %ﬁ“beab is the induced volume
element. The shear of the two null directions is o) and o(y), and ¥(,) and J(y) denote their
expansion respectively. The first term of (4.25) is the contribution to the quasi-local angu-
lar momentum (4.7) from area-preserving diffeomorphisms, the second term corresponds
to curl-free vector fields on the two-dimensional cross section. For these charges to have a

finite limit at Zt, we must impose falloff conditions f = O(r) and f = O(r).

Boost angular momentum. The null generators ¢ of A/ and therefore also the null
flag ¢4 : 19 = ie 4044 have no preferred normalisation. Different normalisations are
connected via a complexified scaling transformation,

RO [e] = +%£A, (4.26)
A

8% na] = —5 4, (4.27)

oo = 212, (4.28)

for A : NV — C. All other variation of the fundamental bulk and boundary variables vanish
under 8y, e.g. 6x[A4ps] = 0 and §,[E 5] = 0. We thus have a vector field §y € THyi,, and
it is easy to check that this vector field is Hamiltonian. Going back to the definition of the
pre-symplectic two-form (4.3), and restricting ourselves to the space of physical histories,

we find

QM(dkOOSt,(S) =+

i 2 a2 A)
817G 7{» <277A5[£ ]+ 25["7A]€ +c.c.

_ 16er 7@ (AoTnat”] ~ c.c.)
_ ﬁ 7£ Re(A)5[2] = —s[QA[C]], (4.29)

where we introduced the boost generator,

N —% fé Re(M)e. (4.30)

The zero mode A\ = 1, which is the generator of global dilations of the null normal, returns
the total area of the cross section. On a black hole horizon, this charge provides a quasi-
local Hamiltonian for locally non-rotating observers [37].

5 Radial regularization

5.1 Peeling for a double null foliation of spacetime

Double null foliation. In the previous sections, we considered the gravitational phase
space for a fixed bounded region M in spacetime. The boundary d.M consist of two partial
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Cauchy hypersurfaces M, and M; and a null surface N, i.e. IM = My UN UM, L. So far,
we have left the location of the null boundary undetermined. Natural choices will restrict
it to a portion of an isolated horizon [38-43] or a cosmological horizon or an asymptotic
boundary. In the following, we consider only the case of an asymptotic boundary, namely
future null infinity. The limit to the asymptotic boundary will be obtained by introducing
an auxiliary parameter p and sending p — co. This limit can be understood both as a limit
in spacetime and a limit within the infinite-dimensional quasi-local phase space. In the first
case, p is simply an advanced time coordinate on a given solution to Einstein’s equations,
in the latter case it is to be treated as one of the canonical variables on phase space.?!

Instead of working on a fixed region as in above, we consider thus a one-parameter
family of such regions {M,},ecr. : M, C M, for all p < p/, which are embedded into an
asymptotically flat spacetime, with conformal completion (M, Gab)- The physical metric is
Gab = 2 2§y, and we choose the conformal factor €2 : M = Rs in such a way that the
Q) = const. hypersurfaces

N,={peM,:Qp)=p"} (5.1)

are light-like (null). This condition is useful for us, since it allows us to match the regions
{M,}per. with the level sets of €. In fact, for every p € R, we choose these regions in
such a way that the boundary M, consists of two partial Cauchy surfaces M£ and M?
that are joined together via the null surface N,. Notice that every N, has a boundary:
ON, = CL U [Cf]7!, which are the corners of the partial Cauchy surfaces, i.e. OMf = CP
and OM{] = C!.

Since the family of null surfaces {N,},cr. defines a foliation, the normal vector £
to every such null surface N, defines a one-form ¢, = gap?? that satisfies the Frobenius
integrability condition

dé = —w(g) AL (5.2)

The one-form 1), determines the non-affinity x = —[¢(4)]b€b of the null generators:
*Vyt* = k£®. The light-like normal vector ¢¢ to the boundary is unique up to overall
dilations sending ¢ into e*®. This rescaling freedom allows us to choose the normal
vectors {* such that they are all geodesic at 2 =0, i.e.
Klo_g = 0. (5.3)
Next, we extend the null vector ¢* into a null tetrad. We do this by introducing a
transveral foliation, which is defined via a time coordinate u : M — R that foliates the
region U,ecr. N, into transversal null hypersurfaces that intersect future null infinity in
such a way that the two-dimensional (spherical) intersections are Lie dragged along the
null generators. In other words,
Vulg_ = 1. (5.4)

2'The asymptotic limit p — oo removes the radial coordinate from the quasi-local phase space. To
introduce a symplectic structure and obtain a phase space, we will also have to impose a gauge-fixing
condition on the conjugate momentum p, (upon choosing a polarization). The asymptotic p — oo limit will
remove, therefore, both p and p, from the quasi-local phase space on a partial Cauchy hypersurface ©x,.
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We thus have a double null foliation, which is defined by two scalar functions p and u
on M. The next step ahead is to introduce and adapted NP null tetrad and compute

the falloff conditions of the various spin coefficients for such a particular gauge choice.??
Let then k, = —V,u be the light-like normal to the transversal v = const. null surfaces.
The relative normalisation between the two null vectors is N ¢ := —kq{*. Since equa-

tion (5.4) is satisfied at the asymptotic boundary, the inner product N, admits the
Q-expansion N(; ¢ = 1+ O(Q). The Q = const. surfaces are null, with null normals ¢°.
Therefore, (“V,{2 = 0 and the gradient {*V,N(; ¢) vanishes at the asymptotic boundary,
ie. £°VoN( ) = O(Q). By rescaling (¢ via (¢ — N(;}Z)Ea, we obtain a null vector field,
whose non-affinity & : °V,¢® = k® still vanishes at = 0. We can assume, therefore,
without loss of generality that the two null normals k% and ¢* satisfy

ko = —0qu, kol® = —1, V0% 0, (5.5)

‘9:0 -

where u : M — R is a retarded time function, which is constant along the transversal null
surfaces. Since V[ ky = 0, it immediately follows that k?V,k® = 0. This implies that there
exists an affine coordinate r in M such that
a __ d1”

g — [dr] . (5.6)
Relation between the radial coordinate and advanced time. There are now two
natural radial coordinates, namely the affine parameter r, as introduced in (5.6), and the
inverse conformal factor Q= =: p. What is the relation between the two? Since the null
vector £ lies tangential to the p = const. light-like hypersurfaces, there exists a lapse
function Ny > 0 such that

loa = NipVa2 (5.7)

Consider now the physical metric,
Gab = —kaly — Laky + qap = Q> Fap.- (5.8)

where §u is the conformally rescaled metric and g, is the two-dimensional Riemannian
metric on the u = const. cross sections C,, C N,. Since the metric is asymptotically flat,
and both V,u and V,£ do not vanish on Z*, we can infer from (5.7) and (5.8) the following
falloff condition for the lapse function,

Ny =0(Q7?). (5.9)
Taking into account that k% = 0% and k%¢, = —1, we infer the expansion of the gradi-
ent K4V ,Q 1
a —2dp - -
KOV = —p 2@ =Ny =0(p7?). (5.10)

If we integrate this equation along the outgoing null geodesics, we obtain

p=pO(u,z 2)r+ 00, (5.11)

22The falloff conditions are usually given for different gauge conditions, where only the v = const. surfaces

1

are null, whereas the 2 = p~" = const. surfaces become null only asymptotically, i.e. for Q — 0.
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where the complex coordinates (z, Z) parametrise the two-dimensional surfaces, where the
u = const. surfaces, which are null, and the r = const. hypersurfaces intersect.?? Equa-
tion (5.11) implies then the falloff conditions

O(p™) =0(r"), (5.12)
which means that we can realise the asymptotic limit either as an p — oo or an 7 — oo limit.

Tetrad and connection. The u = const. surfaces and the 2 = const. surfaces each
define a foliation, with corresponding null co-normals k, = —V,u and ¢, : k. ¢* = —1.
Any two such €2 = const. and u = const. surfaces intersect each other at two-dimensional
surfaces C,,,, which have the topology of a two-sphere. Let (m®, m®) be a normalised dyad
in the complexified tangent space to every such cross section, i.e. meym® = 0, mom® =1,
and k,m® = f,m® = 0. By choosing an associate spin dyad (k4,04) : ka4 = 1, we
introduce the soldering form

AN = A | — AR 0+ iKY m 4 164 (5.13)

Given the metric gy, and the co-vector fields k, and ¢,, the one-form m, is unique up
to residual U(1) gauge transformations, mg — e'¥m,. Using this gauge freedom, we can
always require that

mak;bvbm“ = —makbvbm“ =0. (5.14)

The exterior derivative of the one-forms (kg, ¢4, m,) defines the anholonomy coefficients
that determine the various spin coefficients. Consider first the exterior derivative of the
one-form m,, which admits the following decomposition,

1 1 .
dm = — iﬁ(k)f/\m— 5(19(@ +2ig)k Am
+i’}/m/\ﬁl—0'(g)kAﬁl—0'(k)€/\ﬁl+(a—ﬂ)kAg. (5.15)

The various components have an immediate physical interpretation: the pair (U((),O’(k))
denotes the shear of the two null congruences (£, k%), and (J(y),9(x)) denotes their ex-
pansion. The spin coefficient 7 defines an abelian U(1) spin connection ym, + ym, on
the two-dimensional cross sections C,,, and ¢ is the time component of this abelian
connection. That the ¢ A m component of the exterior derivative dm has no imaginary
part is a consequence of the gauge condition (5.14). The k A £ component, on the other
hand, measures the failure of the transversal null directions k% and ¢* to commute, i.e.
[0, k]%mg = ma(LPVpk® — kKPVipl®) = —(a — B).

The remaining spin coefficients are given by the exterior derivative of ¢,, which is
determined by the one-form

Yy =Kk + (@ + B)m+ (o + B)m, (5.16)

where x denotes the non-affinity of £* : (°Vy® = xf® and (a + 3) determines the radial
component (i.e. k%component) of the Lie bracket [k, m]® = k*Vym® — mbV, ke,

23In general, the intersection of an u = const and an r = const surface will not be a cross section of N,.
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Given the adapted null tetrad (5.13), the torsionless condition (3.17a) determines the
components of the spin connection I'* g,

Vok?d =TA5,k8, Vb4 =T45,08, (5.17)

where T'4p, are the spin coefficients with respect to the spin basis (k4,¢4). A short
calculation yields

P45, = — (5 +i6)ka +i(7 — i@)ma +i(y — ia)mg ) k4P
Lo _. \,A,B
- <219(k)ma + 0yma + aka>€ ¢
1
+ <2§(g)ma + O'(g)ﬁla + Bﬁa) kAKB. (518)

Radial renormalisation and evolution equations. For given boundary and U(1)
gauge fixing conditions (5.5) and (5.14), we evaluate the Einstein equations for the null
tetrad (5.13) and determine the components of the self-dual curvature two-form,

FARp =Vl —TAc AT g = 050 pnCP, (5.19)

YOD is the self-dual part of the Weyl tensor. All other curvature components

where ¥ ABCD
vanish thanks to the Einstein equations.

An advantage of the double null foliation is that the components of the Weyl tensor
neatly split into three types of equations: first of all, there are the radial evolution equa-
tions (containing radial k%-derivatives, but no ¢*-derivatives), next there are the boundary
evolution equations (containing ¢“-derivatives, but no radial k®-derivatives), and finally
there are constraint equations that contain only m®-derivatives, which are intrinsic to the
two-dimensional cross sections C, .

Consider first the radial evolution equations, which determine the evolution away from

the Q = p~! = const. null hypersurfaces {N,},cr. ,

%ﬁ(k) + %ﬁ?k) + 2035 () = 0, (5.20a)

%0(@ + %0(k)19(@) + 2000 (k) + 2(Lm[B] +178 — BB) = 2T (5.20b)
%5(/@) + 90 = — o (5.20c)

%J(@ + %ﬁ(k)a(@ + %b"(g)a(k) + LBl +iv8 — 5% =0, (5.20d)
(7~ 1) + 5 (1 — 1) + o (7~ 18) ~ figy =0 (5.20¢)

i %(a —ia)+ %ﬁ(k) (¥ —ia) +iop (v —ia) — 2854 = 21, (5.20f)
%(n +ip)+ila—B)F —ia)+i(a—B)(y—ia) —2aB = -2V, (5.20g)
%a + %(& — B)D k) + (o — B)G () = V1, (5.20h)
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where L[] denotes the ordinary derivative L5 [5] = m®*V, /3. Next, we have the evolution
equations that are intrinsic to the null surfaces {N,},

1 _
Eg[ﬂ(g)] — 19(4)(/6 — 519(4)) + 20900y =0 (5.21a)

1 _ _ . _
L9yl + D) (H + 219(4)) + 20004 + 2(Lm[a] — (i7 + a)a) =2V,
(5.21b)
ﬁg[a(g)] — (k — 19([) + 21¢)0(@) = -0y
(5.21c)
_ 1 AN _ N O
L:g[a(k)] + (Ii + 519(3) + 21(]5) O(k) + Lala] — (7 + a)a+ 50’(@)0(@ =0 (5.21d)

LolB) 108 — (o~ By — (&~ By = ¥s (5.21¢)
Loy —ia] + Lalk +1¢] + %(% +2i¢)(7 —ia) +idp(y —ia) +9pa=0 (5.21f)

iﬁg[’y — ia] +£m[l-€+i¢] + %(19(4) — 2i¢)(7 — ia) + iO’(g)(’? — id) —}—2@0‘(@ = —2Ug,
(5.21g)

where e.g. Ly[¥(y)] = €*V,V(g) is the time derivative along the null generators of the null
surface NV,. Finally, there are the constraint equations

1 _ _ . _
—5(Laldw] = adw) + Lmlow] - @iy +a)ow = -0
(5.22a)

1 L
—5(Lnldp]+ady) + Lalow] + (217 + a)o) = —¥3
(5.22b)

. _ _ . | _
i(Ln[v]—Lm[V]) — 277+(£m[a}+1704)—(£m[a}—1704)+§19(k)19(5)—QU(k)U(e) = —20,
(5.22c)

For a given metric, the system of equations (5.20a)—(5.22¢) is redundant.?* The ten com-
ponents of the Einstein equations are 0 = ®oy = —(5.20a), 117 = (5.22¢) — (5.20g),
Doy = —1/2 x (5.21a), Do = (5.22a) + (5.20h), ®gy = (5.21d), B1or = —(5.21f) and real
part of (5.22¢)+(5.21b).

Radial renormalisation and peeling of the Weyl spinor. As mentioned before,
we may extend the radial r coordinate and the u coordinate, see (5.5) and (5.6), (5.11),
into a four-dimensional coordinate system (7,u, 2, z) in the vicinity of Z+. The complex
coordinates (z,Zz) parametrise the two-dimensional surfaces, where the r = const. and
u = const. surfaces intersect. We can then always find a coordinate transformation z —

Z4There are 16 complex-valued equations and two real-valued equations, which are the Raychaudhuri
equations (5.20a) and (5.21a). Of these 17 complex-valued equations, five of them define the components
of the Weyl spinor. In addition, there are the ten components of the Einstein equations. The remaining 14
real-valued equations are redundant thanks to the Bianchi identities.
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Z = Z(u,z,2) such that the co-tetrad (kq,%q, ma,ms) admits the following asymptotic

expansion,?’
k -1 0 O 0 du du
1 O(r) =1 O(r) O(r) | | dr dr
= =J- 5.2
m O(r) 0 O(r) O(1) || d= dz (5:23)
m O(r) 0 O(1) O(r)) \dz dz

The inverse transformation J~! maps the basis vectors (9%, 9%, %, 9%) back into the null

tetrad (—£2, —k%, m% m?) = (9%,0%,0%,0%) - J~1. We introduce the decomposition,

ureTry Tz Yz

0% = 9% + NO* + (m® + ¢m*, (5.24)
m® = woy + pos + voy. (5.25)

The falloff conditions for (N,(,w,u,v) can be inferred algebraically from [J~1]™, =
%’%n Indet(J) and (5.23). We obtain,

N=0),(=00"1)w=001),u=00""v=00r?). (5.26)

In the same way, the falloff conditions for the components of the matrix-valued one-form
dJJ~! determine the falloff conditions of the spin coefficients,

0(1),¢=0(1),k=0(1),a = = 0(1), (5.27)
Dy = O(r™ 1) 000 = O(r ™), 00y = 0072,y =00 ), a+=00"").  (528)

N
P
)

I

Notice that the falloff conditions (5.27) and (5.28) are a consequence of (5.23) alone. In
particular, we have not yet employed the equations of motion (5.20a)—(5.22¢) nor the gauge
fixing conditions (5.3) and (5.14). So far, we only have a rough estimate and some of the
spin coefficients will fall off faster than (5.27) and (5.28) would suggest. For example, we
know from the boundary conditions (5.5) that the non-affinity x will admit the expansion

k=0(r1h). (5.29)

In addition, we can always find a gauge parameter ¢ = O(1) such that the U(1) gauge
transformation m, — e'%m, maps the spin coefficient ¢ into ¢ + £*V,p such that
¢+ (V40 = O(r~'). Notice that we may always choose ¢ such that the gauge fixing
condition (5.14) is still satisfied. Without loss of generality we can thus always assume that

K4+igp=0(r"1). (5.30)

Inserting the falloff condition (5.26), (5.27), (5.28) and (5.30), back into the constraint
equation (5.22c), we can see then also that Uy = O(r~!) or faster. Going back to the radial
evolution equation for the tangential expansion ), i.e. going back to equation (5.20b),
and again using the falloff conditions, i.e. (5.26), (5.27) (5.28), we infer 3 = O(r—!) rather

25The coordinate transformation z — Z = Z(u, 2, Z) is merely used to guarantee that the J™ 5 off-diagonal
entries of the matrix J are O(1) rather than O(r). In addition, we assume a polynomial expansion, i.e.
a = O(r") means a = anr" + an+1r"71 + ... is convergent in a neighbourhood of Tt.
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than 8 = O(1). Since, however, a + 3 = O(r~!), we thus also know o = O(r~!). Taking
the sum of equations (5.20b) and (5.22c), and solving the resulting equation to leading
order in 7, we find that ¥y = O(r~!). Therefore,

a=00r"",8=00""),04=00r"". (5.31)

Next, we solve the radial evolution equations (5.20a) to leading order in O(r~"). Going
back to (5.28), we have ¥(;) = O(r~!) and o) = O(r~?), which implies that ;) admits

the 1/r-expansion
2

-2

We have now all parts together to determine the O(r~") expansion of the components
of the Weyl spinor, which can be derived from the Bianchi identities [23]. If the Einstein
equations are satisfied, the first Bianchi identity reads

ean*VUABIB2Bs — (5.33)

If we contract this equation with &4" and various powers of k& and ¢Z, we obtain the radial
evolution equations for the components of the Weyl spinor. A short calculation gives,

d

&[\I’s] =

- %(5 — 8)0 () Vs
+ Lo [Vs 1]+ [i(s = 3)(y —ia) = sB]Ws_1 — (s = 1o Ps_2, (5.34)

where Wy = 0 for s < 0. To solve these equations to leading order in r, we will consider
19%2; = 2/r as the free radial Hamiltonian, while all other terms represent the interaction
term . Working in the interaction picture, we introduce the rescaled components of the
Weyl spinor

U, =550, (5.35)

Using the falloff conditions for the metric and spin coefficients, i.e. (5.27), (5.28), (5.30)
and (5.32), we obtain the falloff conditions of the radial evolution equations,

0y O@r=2) Or2) 0r=3) 0 0 Wy 0y

d \?3 0 OFrHor2o@r3 o0 \?5 \?3

| Y= 0 0 O 2) 0o@F2 o@r3) Uy | = —iH[ ¥y |, (5.36)
Uy 0 0 0 O 2Hor2) || Uy
T 0 0 0 0 0O 2)) ¥ 0

where we introduced a radial interaction Hamiltonian H. Next, we formally integrate these
equations along the outgoing null rays 7(, . z) (r) that generate a given u = const. null
hypersurface, with (z,z) denoting the angular coordinates on the r = const., u = const.
cross sections of the double null foliation. Using the radially ordered exponential, i.e. the
path ordered exponential along the outgoing null generators, we obtain

~ 1
U(u,ry, z,2) = Rexp( - i/ dr'y{mz’z)ﬂ-ﬂ)ﬁ/(u, To,2,2) = U(ro — rilu, 2, 2)V(u, 1o, 2, 2).
’ (5.37)
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The falloff conditions of the components of the transfer matrix U(r, — r1|u, 2z, Z) can be
inferred directly from (5.36),

U(ro — 71lu, 2,2) = T4+ O(r ™). (5.38)

Going back to the physical components of the Weyl spinor (5.35), we obtain the familiar
falloff conditions for the components of the Weyl spinor,

Ty, =00, (5.39a)
Uy = O(r?), (5.39Db)
Ty = O(r3), (5.39¢)
U, =0, (5.39d)
Ty = O(r™), (5.39)

where the components are now computed with respect to the null tetrad (k¢,¢%, m?, m®),
which is adapted to the double null foliation (i.e. both k% and ¢* are surface orthogonal).

Falloff conditions for the metric coefficients N and w. To calculate physical ob-
servables, we also need to understand the subleading terms in the 1/r expansion of the
metric coefficients, in particular N and w, as defined in (5.24). To infer the subleading
terms of the 1/r expansion, consider the radial and tangential evolution equations

%N —(a+ B — (@+B)C =~, (5.40a)
Ee[w] — ﬁm[N + C_w + C’U_)] = —%(19(5) — 21(]5)11) — U(@)?I), (5.40b)

which are a consequence of the Lie brackets [k, £]? = k?V¢? — (°Vk® = kk® + (o — B)m® +
(@ — B)m® and [£,m]* = OVym® — mbV e = —%(?9(5) —2i¢)m® — o(yym®. We have built
the double-null foliation in such a way that x = O(r~!) and we also saw that for an
asymptotically flat spacetime the falloff conditions N = O(r), w = O(1), a = O(r~1) = 3
and ¢ = O(r~1) will be satisfied, see (5.26)—(5.30). These falloff conditions are compatible
with equation (5.40a), only if N = O(1) rather than N = O(r), see (5.26).

Before further expanding on N, let us now consider the O(r~!) expansion of w =
m*Var. Going back to (5.24), which provides the vector field % in terms of the coordinate
basis (0%,0%,0%,0%), and taking into account the falloff conditions (5.26), we obtain the

Ty Yz) Tz

evolution equations

d

@w@ (u,2,2) =0, (5.41)
%w(l)(u, 2,2) = rLp[NO]+ O, (5.42)

where w = w (u, 2, 2) + w (u, 2, 2)r~' + O(r~2) and N = NO(u, z,2) + O(r~1). We
may now always choose initial conditions on an u = wu, = const. initial null hypersurface
such that w(® = 0. The easiest way to impose such initial conditions is to choose a specific
foliation of p = const. surfaces, where the three-dimensional p = const. null surfaces N,
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intersect a fixed u = u, = const. initial null hypersurface, from where the construction of
N, starts, at constant values of r. In other words,

pltg, 7, 2,2) = QY up, 7,2, 2) = 1. (5.43)

This equation (5.43) implies k*V,ply, = 1 such that the pull-back of ¢, o V,p to the
u = u, hypersurface is simply —dr. Since m? lies tangential to the u = u, surface (m®k, =
—m?*Vu = 0), we also have

(5.44)

0= ma€a| = —mavar]u:% = —’LU|

U=1UuUo U=uo’

which implies the desired initial condition wl,, = 0. If we insert these initial conditions
back into (5.41), we obtain a double null foliation, i.e. a local foliation into p = const. and
u = const. null hypersurfaces, such that

w=m*Vyr = / A/ Ly [NOY(r, i, 2, 2) + O(r72). (5.45)

Let us now return to the expansion of N. The leading order coefficient N (u, 2, 2) of
the 1/r expansion of the metric component N = N (O (u, z, 2)+O(r~1) can be set to zero via
an affine transformation of the outgoing null generators that sends the radial r coordinate
into r — f,go du/NO (4, z, Z). We may therefore assume, without loss of generality, that

N (y, z, 2)

N = +0(r™?), (5.46a)

w =m*Vr = O(r2). (5.46b)

Falloff conditions for the inverse conformal factor. Recall that the inverse con-
formal factor defines the radial coordinate p = Q~'. The p = const. surfaces are null,
with null normal ¢ : ¢“V,p = 0. From (5.11), we know that p admits the expansion
p = pOu,z 2)r + pM(u,2,2) + O@r~1) and €4 = 9% + NO* + (m® + ¢m®. Given the
various falloff conditions and the initial condition (5.43), we obtain

plu,r,2,2) =14+ O(r ). (5.47)

Falloff conditions for a and B. The Lie bracket [k,m]|* = kbVym® — mPVyk® =
—(a+ B)k* — %ﬁ(k)ma — o(rym® implies the radial evolution equations
d

1 _
@w + 519(k)w + O(W = —(Oé + 6) (5.48)

Since w = O(r~') and J) = 2/r + O(r2), see (5.32), and o) = O(r~?) as inferred
from (5.28), we find
a+B=0(r3), (5.49)

Going back to the radial evolution equations (5.20h) for & and taking into account the
falloff conditions (5.32), (5.39d), (5.49) and (5.28), we obtain

o =
r2

+0(r™?), B=- O(r=®). (5.50)

r2
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Falloff conditions for non-affinity x. The 1/r expansion of the non-affinity x can be
inferred from the radial evolution equation (5.20g). Solving this equation to leading order

in 1/r and taking the falloff conditions (5.28), (5.30) (5.39¢c), and (5.49) into account,

we find

(0)
K= +%(§,2) +0(r?), (5.51)

and ¢ = O(r~2). Given the leading order of the 1/r expansion of x, we solve the radial
evolution equation for the metric coefficient N = NM7=1 4+ O(r~2) such that

(0)
N = _9%(;1’2 ) L op), (5.52)
where ©)
. ,
Wy = 2225 o2, (5.53)

r
Falloff conditions for o) and o). Next, we consider the 1/r expansion of the
transversal and tangential shear o) and o). Given the falloff condition (5.28), the
transversal goes like 1/r2 such that we may write

o(u,z,2)

oy =~z + O, (5.54)

The evolution of the transversal shear o) along the null generators ¢* of the null surfaces
N, is determined by the evolution equation (5.21d). If the falloff conditions are satisfied,
we can solve this equation perturbatively in 7—!. We obtain

o(u,z,z)

o =———— 4007, (5.55)

where ¢ (u, z,2) == Lo (u, z, 2).

Falloff conditions for ¥y and 9. The 1/r expansion of 9, can be inferred directly
from the radial Raychaudhuri equation (5.20a). For given asymptotic shear (5.54), the first
three terms in the 1/r expansion are given by

+O(r Y, (5.56)

where U = U(u, z,2) characterises the next to leading term of Jy = 2/r + O(r™?).
Consider then the first two terms of the tangential expansion

)

r r2

ﬁ(l)(u,z,é) 79(2)(u,z,2)
oy = + 0 +0(r ). (5.57)
The transversal expansion satisfies the evolution equation (5.21b) along the null generators
of N,. We solve this evolution equation order by order in 1/r, from which we obtain the

coefficients of the 1/r expansion of ¥(,). To leading order, we obtain

20 (u, 2,2) + 0}y (u, 2,7) = 0, (5.58)
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where U = %U. We will see below that U has a geometric interpretation: it is simply the
Ricci scalar of the u = const. cross sections of the p = const. null hypersurfaces.

To compute the next to leading order of ¥y from the evolution equation (5.21b), let
us first note that the radial r has a derivative along ¢*. We have, in fact,

Re(WY)

ﬁ([r_l] = —r 2 Vr = _7"_2(N +(w + (w) = r3 - O(T_4), (5.59)

which is a consequence of (5.24) and (5.52). Taking into account the falloff conditions, and
the leading order equations (5.58), we obtain the next to leading order for L[], namely,
2U L2

3

d : B
Lo[d ) = (Re(ws) + ool + 20T ) + O(r~") (5.60)

)
If we insert equation (5.60) back into the tangential evolution equation (5.21b), we obtain
9 = —4%Re(W)) + 20 — 206 — 20U — 2% (L[a] — i7a) + O(r )

= 20 — 205 — 2UU — 2Da® + O(r 1), (5.61)

where D is the U(1) covariant derivative on the two-dimensional cross sections C,,,. If we
perform a U(1) transformation m, — e!¥m, for a gauge parameter ¢, the corresponding
U(1) component of the spin connection transforms as v — e'?y — £,,[\]. If, in addition,
there is a spin coefficient X, with spin weight s, that transforms as X — e'**X under such
a U(1) transformation and admits the 1/7 expansion X = X 4+ O(r~1), the leading order
of the U(1) covariant derivative will be defined by DX () := lim, o (£, X +isyX) and
DX = lim, r(LaX +1s7X).

We thus see from (5.61) that the next to leading order 198)) of the tangential expansion
¥(¢) depends on the asymptotic shear o(u,z,z), on the next to leading order of ¥, =
2/r(1 4+ U/r + O(r~=2)) and on the leading order a9 (u, z,Z) of the spin coefficient & =
kal®V kA, see (5.54). The spin coefficient o can be eliminated from this equation. The
dependence can be inferred from the constraint equation for Wy, i.e. (5.22a). Taking into
account the various falloff conditions, in particular (5.39d), (5.56) and (5.54), we obtain

a® = pU - Da. (5.62)

This in turn allows us tow write the next to leading order of the tangential expansion in
terms of \I/éo), and in terms of the asymptotic shear and the next to leading term of the
outgoing expansion,

9 (u,2,7) = —2(8Y + 06 — DDG + UV + DDU ). (5.63)

The tangential Raychaudhuri equation (5.21a) determines the time evolution of the
various coefficients of the 1/r expansion (5.57). Inserting (5.58) and (5.60) back into (5.57)
and (5.21a), we obtain the evolution equations

42 _

@U(u,z, z) =0, (5.64a)
d .
@198)) (u, 2, 2) + 2U%(2, 2) = —2|6/(u, 2, )|, (5.64b)
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Finally, let us explain how U, which is constant in w, is related to the Ricci curvature of
the two-dimensional u = const. cross sections of NV,,. In equation (5.61), we introduced the
two-dimensional U(1) covariant derivative D. The 1/r expansion of the curvature of the
abelian connection I' = ym + 4m can be inferred from the constraint equation (5.22c) and
the various falloff conditions. A short calculation gives [D, D]X () = 25U X such that

Rlq%) = 4U + O(r~1) (5.65)

is the Ricci scalar of the conformally rescaled metric ¢% : qu = 72¢% + O(r), where
Qab = @?}p - 9ab 1s the pull-back of the physical metric g4 to the two-dimensional p = const.
and u = const. spherical cross sections.

6 Bondi energy and radiative phase space

6.1 Radiative phase space from radial renormalisation

Our first task in this section is to explain how to recover the radiative phase space on Z+ via
an asymptotic p — oo limit of the quasi-local radiative phase space that we introduced in
section 3.4. For each null hypersurface N, of the foliation {N,},~0, we introduce the quasi-
local symplectic potential (3.45). Using the definition of the one-form £4D¢4, see (3.47),
we find

1 1
= - — ds — k,dlde + =¥ pk AN d
OnN, 87G Iy, (5/\ » 5+2 OLEA 5)
i _ _ _
+ e //\/p (c@k A Adm —c.c.) ://\/p O, - (6.1)

To evaluate O, for our falloff and gauge fixing conditions in the asymptotic p — oo
limit to future null infinity, we need to know the falloff conditions for a linearised solution
0[-] of the bulk plus boundary field equations (as summarised in table 1). The p — oo
limit removes the p-coordinate, i.e. the inverse conformal factor, from the quasi-local phase
space, and we may treat, therefore, the foliation as a fiducial background structure, such
that the surfaces N, are locked into the abstract manifold M. In other words, §[p] = 0.
Going back to the 1/r-expansion of the radial p coordinate as a function of (u,r,z,z),
see (5.47), and solving the equation §[p] = 0 order by order in r, we obtain

§[r] = O(r™1h). (6.2)
From ¢, = NV and Ny = O(272), and 6Q = 6p~! = 0, we infer the falloff conditions
6y =My,  X=000). (6.3)

In a neighbourhood of null infinity, the (u, z, Z) coordinates complete the radial r coordinate
into a four-dimensional coordinate system (u,r, z, Z). To guarantee that these coordinates
are regular for r — oo, we impose the boundary conditions

5[u] = O(rY), (6.4)
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Since k, = —Vau, and §[u] = O(r?) we may now also infer the falloff conditions for the com-
ponents of the one-form 0[k,]. Going back to (5.24) and (5.25), we obtain, schematically,

6[ka] = O(r )y + O(rke + O(r me + O Hmy,. (6.6)

To recover the symplectic structure on the radiative phase space in terms of the asymptotic
shear, we express the 1/r expansion of d[mg] in terms of d[oy)] = 6o /r? + O(r~?) and the
variation of 8[9(y)] = 26[U]/r* + O(r~3). For every value of p, the null surface N, is
equipped with a universal ruling, which determines the direction of the null generators, i.e.
the equivalence class [¢*]. This ruling is a universal background structure that we consider
to be fixed on the covariant phase space, hence §¢% = M. The falloff conditions for A can
be inferred directly from k.¢* = —1 and (6.6), which implies A = O(r?). The existence of
such a fixed ruling of N, also implies that the variation of the complex-valued one-form
mg will admit the expansion

d[ma] = fly, + gmg + hmy,. (6.7)

Where f= O(r~!) and g = O(rY), h = O(r?), which is a consequence of (6.2), (6.4), (6.5)
and the falloff conditions for the metric coefficients (, p, v that define the one-form m, =
—COqu + (pji — v0) bz — 10,2, see (5.24), (5.25). We consider thus the ansatz,

£(0)
f=—+ O(r2?), (6.8)
(0) g -2
g=g +7+(9(r ), (6.9)
JAe)
h=h 4 —+ O(r~2). (6.10)

To evaluate the symplectic potential (6.1) at future null infinity, we now want to express the
subleading terms of this expansion in terms of variations of the asymptotic shear do ) =
60 /r? + O(r~?) and the variation of the asymptotic expansion 69y, = 28[U]/r? + O(r~3).
Consider then the radial and tangential evolution equations for the pull-back of m, to the
null hypersurface,

* 1 * * — *

e, [Lkm], = SV PN, Ma + I (k) PN, Ma + (@ = B)¢l, kas (6.11)
* 1 . * * -

N, [ﬁgm]a = 5(19(5) + 21¢)@Npma + T(0) PN, Mas (6.12)

which follow directly from (5.15). Taking into account that 0 = 6[k*V,r] = §[k|Var +
465[r] = 6[k*)Var + O(r~2), and 0 = §[k*V,u] = §[k*]Vau + £6u] = 5[k Veu + O(r~2),

we obtain from ¢, = —0,r + NV,u + wm, + wm, and the falloff conditions for N and
w that
5[k =6 Lﬂ = O )k + O(r )% 4 fm® + fim®, (6.13)
r
5[] = O(r%)ee. (6.14)
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Since dp = 0, the pull-back to N, commutes with the variation, and we obtain from
8, [Lem]] = @i [Ledm] — @i, [L5em] that

%f«» —0, fO = O 3), (6.15)
d _

69=0, §9=2902), (6.16)
%h@) =0, h®=n0(z3). (6.17)

The next to leading order perturbations g(*) and E® can be obtained from the variation
of the radial evolution equation, i.e. ¢ [gp}"\/p [Lim]] = o, [Lrdm] — o}, [Lspm]. Taking into
account the various falloff conditions, we obtain
gV = —6U + 05 — W% — i'y(o)f(o), (6.18)
B = 5o + (g9 — gMg +iyOfO) (6.19)

where 70 is the 1/r leading term of the expansion v = 4 /r + O(r~2). The next to
leading order of h and g is thus sourced by the variation of the radial shear and expansion,

50 y] = 2‘22(] L+ o), (6.20)
Slog] = 55] + O3, (6.21)

We have seen in section 3.4 that those bulk diffeomorphism, whose pullback to the null
surface NV, map every light ray onto itself are unphysical gauge directions on the covariant
phase space. We remove this gauge freedom by imposing the following boundary conditions
on the field variation of the retarded u time coordinate,?%

§[u] = s(z,2) + O(r ). (6.22)

We have now everything at hand to recover the radiative symplectic potential on future
null infinity. We have seen in (6.15), (6.16), (6.17) that the leading coefficients £, g(©),
L that determine & [ij‘\/pma] are constant along the null generators of J*. Therefore,
they cannot represent radiative modes, which characterise local degrees of freedom of the
gravitational field at ZT. To infer the radiative symplectic structure on Z* from the p — oo
limit of the quasi-local symplectic potential, we set those variations to zero, otherwise we
would be left with an IR divergent integral along the null generators (the range of the
u-coordinate is the entire real line). For the same reason, we set §[U] = 0 such that
6[9] = O(r=*). In fact, we have seen in (5.64a) that U(u, z,2) is linear in the affine
parameter: the derivative U > 0 is constant along the null generators and determines
the Ricci curvature (5.65) of the u = const. cross sections of ZT. If we restrict ourselves
to cross sections, where the two-dimensional metric ¢¢, is simply the metric of the round
two-sphere, we immediately have §[U] = 0.

26Notice that the radial coordinate r and the retarded time u depend via the gauge and falloff condi-
tions (5.3), (5.6), (5.11) implicitly on the gravitational variables, hence 6[r] # 0 and §[u] = 0.
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If we then remove such IR divergent terms, i.e. after imposing that the u independent
terms g(o), h® and § [U] vanish, the (mg, m4)-components of a tangent vector d,,q4 to the
radiative phase space will satisfy the falloff conditions

Sl mla = 06 eigrila — (220 + 067 )iyl (629)

To obtain the radiative phase space, we insert both (6.2) and (6.22) together with (6.23)
back into the pre-symplectic potential (6.1), and evaluate the integral as p = r+O(r~!) —
oo, such that

1
rad grad) .__ 71: rad crad) __ 2 rad - srad =
Qe (579, 532d) o= phﬁn;o O, (6724, o5y = el kA d°Q (5[{1 & 0“0 +c.c.). (6.24)
where the family of bounded null surfaces {N,},>0 is chosen such that lim, oo N, = ZT
and Qpr, = dO)y, is the pre-symplectic two-form that we introduced in section 3.4. In

addition, d?Q is the fiducial area element on two-dimensional cross sections of Z1, which

can be inferred from the 1/r expansion of the physical area two-form € = —im A m,
—igi, (mAm) = d*Q(? =201 + O(r°)), (6.25)
and k, is a one-form such that k,0% = —1. Given the symplectic two-form (6.24), it is also

useful to introduce the corresponding symplectic current. Choosing the same polarisation
as in (6.1), we obtain

1
07+ (Orad) = gt d*Q (605 + c.c.). (6.26)

6.2 Bondi energy and Helmholtz free energy of gravitational edge modes

It is now possible to identify the Hamiltonian on a partial Cauchy hypersurface M, that
intersects future null infinity at constant values of u (the boundary 0M, = C, will be
a u = const. cross section of ZT). We call this Hamiltonian H¢[C,] and it will generate
time translations along the vector field £€* € T'M, which is null and lies tangential to the
generators of the null foliation,

&, € 1. (6.27)

Following what we said in equation (2.15) above, we define the generator as a functional
H¢ on the space of physical histories, which is larger than phase space,?” such that

SIH[C)) = ~Qur(Le.o) + [ €0(0) (6.25)

where 5 is the symplectic current, i.e. the integrand of (6.1), and 6[-] € THppys denotes
a linearised solution of the bulk plus boundary field equations, see table 1. The relative
minus sign between (6.28) and (2.15) results from a change of orientation on C = M,
which is equipped with the induced orientation from M rather than N.

2"The space of physical histories is larger than phase space, because (i) it contains configurations that
would be gauge equivalent on phase space (ii) includes the boundary data on Z*, which is otherwise fixed
by the boundary and gauge fixing conditions, i.e. o (u, z,2) = 0.
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The entire calculation of (6.28) is valid only on-shell, which is to say provided the
bulk plus boundary field equations are satisfied. As in section 4 above, the first term is a
total boundary term. Using the definition of the SL(2,C) gauge covariant Lie derivative,
see (4.2a)—(4.2d), we obtain, in fact

i

871G

- f (¢3Dnab6" + D(Eoma)se? 577A@sz‘)} e
oM

QM(E& 5) =

[ (V(€Zam) A 81A15) — 5[] £ €P1)

- 87:G |:/M ((fJEAB) A S[FAB] — §[Sap] A fJFAB)

+ ]g (642 A 51AP] — €0Dnabt — D(€ma)ott + 517,4@1)@14)] bee.
(6.29)

Since 0[] is a linearised solution of the bulk plus boundary field equations, the three-
dimensional bulk integral vanishes,

/(fJEAB/\(sFAB—(SZAB/\fJFAB)
M
=~ | (6awes™ NOFA —ean nses™ nEIFAT)
M

= | (gawen” oA+ g noen® NFAT) = — [ audlen” AFAT] =0,
(6.30)

where £44 = £Le4a and Ypp = —%eAcr A eBC/ and the field equations in the bulk, i.e.
epar AN FB 4 =0,Veqn = 0 are satisfied. If we then also take into account the boundary
field equations (3.18a), (3.18b), we can further simplify the various contributions to (6.28).
Going back to (3.18a) and (3.18b), we find

£4DnadtA = —¢. < (w + ;%> A m) S04 — €Ny A molA

1
= —§_|<<w + 3% A T]A) 804 + %% 0Ny A beA

- (w + %% A nA) 504 4 €% m A 604 DEA. (6.31)

If we insert (6.31) back into (6.29), two terms appear: the first term is linear in the variation
of the two-dimensional area two-form ¢ = —imAm on N, and the other term only contains
variations of the one-form ¢4D¢* that determines shear and expansion of N, see (3.47).
More precisely,

Qur(Le,8) = <gmA5[AAB]£B + E%qm A [0 4] DA + Ema D0

BT el oM

— & (w + ;%) nadlt — € (w + ;/ﬂ)&[nA]KA) + c.c.

i

1 . B
= G féM(éw) ol - o ngg ka(m A 8(£aDEM) — c.c.). (6.32)
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We assume 0[{%] = 0, and insert the radiative symplectic potential (3.45) back into the
definition of the generator (6.28). This leads us to

S[He M) = Qs (Le.0)+ § €N (0)

B 1 i ay = A
~—gg b Ot + oo fg, Ik A LaDE i
1 1 .
= —% 8M(S[€ gJ%] — % 8M(5[5£ k'a 19([)}, (633)

which is a total derivative on the space of physical histories.

To extract the Bondi mass from the time-dependent Hamiltonian (6.33), we impose the
various gauge fixing and falloff conditions for the double null foliation that we defined in
the last section and evaluate the integral in the limit p — oo. In addition, and to guarantee
that H¢ vanishes in Minkowski space, we impose the following falloff conditions,

£ = (1 - % - O(r‘2)>€“, (6.34)

hence £° is a field-dependent vector field.?® The falloff conditions for the tangential expan-
sion (5.57), (5.58), for the area element (6.25), and for the vector field £&* imply now the
following 1/r expansion of the variation

1 1 2 . (2) : —1
— a = Q-2 2 . .
e faMa[g kact) =—g 0 ¢ d | =200 +90) + 200 + O )| (6.35)

The first term, which is linear in r, is a potential source of an IR divergence, but this term
is harmless, since its variation vanishes for the gauge fixing and falloff conditions that we
have chosen above. Since, in fact, dp = 0, which is to say that wee keep the {N,},>0
foliation fixed, and p = r + O(r~1), see (5.47) and (6.2), we obtain

lim 5“{ d2QrU] — lim (MM CFQUD. (6.36)
pP—00 8Mp,u pP—r 00 6Mp,u

On the other hand, U is proportional to the two-dimensional Ricci scalar (5.65). The result-
ing integral (4m)~! [ My d?Q R is the Euler characteristic x[0M, ] of the two-dimensional
boundary dM,,,, which has the topology of a two sphere. Since x[S?] = 2, the variation
vanishes,

p—00

I 574 220 U}: lim (p8[x[0M,.]]) = 0. 6.37
im [aM,,,u r m lim (pd[x[0Mp.u]]) (6.37)

It is now possible to insert (6.35) and (6.37) back into (6.33). Taking the asymptotic
p — oo limit, we obtain

pli_)ngoé[Hg[Cp,u]] = _87r1G’5{féu EKJ] + 8 [Mp(u)], (6.38)

*Notice that ¢* depends on U and r and £, hence §[¢%] # 0 or more precisely §[¢*] = O(r2)¢"
provided (6.2) and (6.22) are satisfied. For a vector field that depends itself on the configuration variables,
equation (6.28) gets replaced by §[He¢] — Hspe) = —Q(Le,0) + faM &10n(8). If, however, 66 = O(r~2)L*
this subtlety can be ignored since the integrand §[£*]ka? sy will vanish as r — co.
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where Mg(u) is the O(r") contribution to (6.35), i.e. the integral of 198)) + 2UU over the
u = const. cross section of ZT. Going back to equation (5.61), we have

_ 1 20 (7@ o 5 1 Pal0)
My(w) =~ §, &0 (08" + 06+ Dal®), (6.39)
which is the Bondi mass. The mass loss formula follows from the next to leading order of
the tangential Raychaudhuri equation, i.e. (5.64b), such that

e ot = o ()
_— — — — ] <0. .
- Mp(u) 47TG7£ud Qo = § etz 3.) <0 (6.40)

Bondi energy as free energy. On a black hole spacetime, the ADM mass at infinity,
the ADM angular momentum and the area of the horizon all have a thermodynamical
interpretation. The functional variation (6.38) and the mass loss formula (6.40) suggest a
similar understanding as well:

H:C, CcT" — = M ) 6.41
G T+ ggfex B(u) (6.41)
internalenergy —_— freeenergy

—SxT

In other words, our suggestion is to identify Bondi’s radiative energy with the
Helmholtz free energy of the system. The free energy of what system? To answer this
question, it seems crucial to understand how observables and phase space itself depends
on the chosen boundary conditions. Different boundary conditions represent altogether
different physical processes, i.e. different physical systems with different phase spaces and
different Hamiltonians. In our case, this physical difference is realised mathematically by
the difference between the space of physical histories Hpnys, i.e. the solution space of the
field equations for arbitrary boundary conditions, and the covariant phase space, which is
the space of solutions to the field equations for specific boundary and falloff conditions.
The space of physical histories is therefore larger than phase space, and depending on how
restrictive the boundary conditions are, the size of the resulting phase space will be dif-
ferent. A simple example was given in section 2, where we considered a time-dependent
Hamiltonian H[p, ¢, w(t)], whose time-dependence enters through a time-dependent back-
ground field w(t). A generic tangent vector 6[-] € T"Hpnys on the space of physical histories
will generate infinitesimal changes of these parameters, hence d[w] # 0. However, any ac-
tual physical trajectory — a point on phase space — is realised only for a particular choice
of the background field w(t). Since w(t) can be tuned continuously, the space of histories
foliates into a whole family of phase spaces | |, P, = Hphys, and for every w(t) there is a
different phase space.?? Each of these phase spaces is equipped with a symplectic two-form
€2, which is obtained by the pull-back of the pre-symplectic two-form Qi € Q2 (T*Hphys)
to P, modulo gauge.

29The background fields represent knobs and controls that allow us to manipulate the experiment. Such
manipulations may happen directly by changing the controls of the experimental setup, or retroactively by
post-selecting a subset of observations from an ensemble of similar observations with different boundary
conditions.
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Thus, we need to identify the phase space, and hence the system, for which the
functional He¢[C, C ZI7] : Hphys — R, (6.28), (6.41), is the Hamiltonian. Consider
the problem at the linearised level. A tangent vector 0[] € THpnys that lies tangen-
tial to this yet unspecified phase space Peqge C Hphys Will satisfy Hamilton’s equations,
§[He| = —(05Q,)(Le, 6), where M, is a partial Cauchy surface that intersects Z* at some
u = const. cross section C,. On the other hand, a generic such vector field §[-] € THphys
will satisfy (6.28). Both equations can be true, only if the symplectic current vanishes, i.e.
im0 pr,u §10x,(0) = 0. For a generic configuration on Hpys, this implies that the vari-
ation of the asymptotic shear will vanish. Hence do(u, z, Z) = 0. If we insist to have a phase
space for which H¢[C,| is the Hamiltonian, we should add this condition to our boundary
and falloff conditions on Z+. Clearly, this is a very restrictive condition. Since the asymp-
totic shear characterises all the outgoing radiation, the boundary condition do(u, z,z) =0
removes all radiative modes from the phase space that we would otherwise associate to
the partial Cauchy hypersurface M,.?° The phase space Pedge contains, therefore, no lo-
cal degrees of freedom from within the partial Cauchy hypersurface. Yet there should be
still infinitely many boundary modes left that characterise e.g. large diffeomorphsims and
boosts, see e.g. (4.7) and (4.30).3! In fact, this is precisely what is suggested by general rel-
ativity in dimensions smaller than four. Consider, for example, three-dimensional gravity
in the Chern-Simons or BF formulation. On a closed manifold M, the resulting gravita-
tional phase space is the moduli space of flat connections, which is finite-dimensional. On
the other hand, if we break the manifold M into two parts M = M*TUM ™, new degrees of
freedom are excited along the boundary 9M™ = B. The splitting of the manifold into two
parts destroys diffeomorphism invariance and directions on field space that would have oth-
erwise been considered unphysical represent now physical boundary modes (gravitational
edge modes). The dynamics of these boundary modes along the two-dimensional boundary
depends on the boundary conditions chosen. Different boundary conditions correspond to
different boundary field theories with different phase spaces and different notions of energy.
Perhaps the most important such example is the Wess-Zumino-Witten model, which pro-
vides a possible boundary field theory for gravitational edge modes in three-dimensional
gravity, but there are many other boundary field theories as well, both at the level of the
discrete spin network representation and in the continuum, see e.g. [20, 36, 44-47]. By
removing the radiative modes from the partial Cauchy surface M, and encoding them into
auxiliary background fields on Z*, we are in a very similar situation as well. The resulting
phase on a partial Cauchy surface M, will be stripped off its radiative data, and can only
consist of gravitational edge modes alone.

If we accept such a reasoning, which is supported by recent results from various ap-
proaches [48-51], equation (6.41) suggests to identify Bondi’s radiative energy with the
free energy of gravitational edge modes. Accordingly, the mass loss formula (6.40) turns
into the gravitational equivalent of the statement that the free energy decreases towards

39Unless there are singularities or different asymptotic regions that could capture some of the radiative
degrees of freedom.
31The corresponding smearing functions will have the following falloff in a neighbourhood of Z*, \ =

O(r7%) and €% = ¢m® 4+ zm*, € = O(r).
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thermal equilibrium, and thermal equilibrium is reached once & = 0. In analogy to the first
law of black hole thermodynamics, we may then also identify the entropy density s with
the area density of the two-dimensional u = const. cross sections of Z7, i.e. s = ¢/(4G).
Clearly, the entropy diverges as p — oo, but the product € x remains finite, because the
non-affinity s : £°V,(* = k¢® admits the 1/r expansion xk = i)‘ie(\llgo))/r2 +O@r~3). In
equilibrium, ¢ = 0 and the Bondi mass is simply the integral Mp = —ﬁ $e d’Q \i'go)
such that S x T' = Mg/2 > 0, with the asymptotic equivalent of temperature given by
T= —%%2(11(20))/7“2 + O(r~3), which vanishes as r — oco.

7 Summary and discussion

We have developed, step by step, a representation of the radiative gravitational phase space
at generic null boundaries in terms of an adapted Newman-Penrose tetrad. The starting
point (section 3) was the introduction of the appropriate counter terms on the null boundary
such that the action is stationary provided the boundary conditions and equations of motion
are satisfied. The boundary conditions are such that an equivalence class } = [s¢,, €%, mg|/~
is kept fixed at the boundary, where ¢? is a representative of the null vectors (vertical vector
fields) that generate the null boundary, s, is an abelian connection such that k = (%3¢,
is the non-affinity of ¢%, i.e. °Vyl* = kf®, and the co-dyad m, is a complex-valued one-
form intrinsic to the null boundary such that g, = 2m(,my) is the induced signature
(04++) metric on the boundary. Two configurations (s, ¢* m,) and (5, (%, m,) define
the same equivalence class } = [, %, my]/~ if they are related by a combination of (i)
vertical diffeomorphisms (3.12) along the vector fields £ oc €%, (ii) shifts (3.14) of s, (iii)
dilations (3.13) of (3¢, ¢%), and (iv) complexified conformal transformations of (£%,m,),
see (3.15). The resulting equivalence class [»,, %, m,]/~ characterises two local degrees of
freedom on the null surface, which are the two radiative modes of the gravitational field
at the full non-perturbative level. Section 3 provides the resulting radiative phase space
at the quasi-local level. Besides the two radiative modes, there are additional edge degrees
of freedom. Such edge modes appear, because the null surface N has itself a boundary
(two consecutive cross sections C, and C1, ON = C, U Cx). In section 4, we studied such
edge modes from the perspective of the gravitational degrees of freedom in the bulk, i.e.
on a partial Cauchy surface that is attached to the null boundary. We introduced the pre-
symplectic two-form (23, on such a partial Cauchy surface and identified the Hamiltonian
generators for tangential diffcomorphisms (generalised angular moments), see (4.7), and
dilations of the null normal (4.30). The corresponding Hamiltonian that generates shifts
along the null generators was introduced in section 6.

The second half of the paper was about the asymptotic » — oo limit that sends the
finite boundary A to future null infinity Z*. We admit that our presentation was a bit
involved, but we believe that this was crucial to obtain the limit to Z* from a quasi-
local perspective. First of all, we introduced a Newman-Penrose (NP) tetrad adapted
to a double null foliation. We then considered the 1/r expansion of perturbations of
such an adapted null frame around a given solution of Einstein’s equations. In a certain
way, our gauge choices were dual to those that would be used normally in the Newman-
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Penrose formalism. In our case, the two NP null directions are both surface forming, hence
Vil = ki Vikg = 0. In the more standard NP gauge, only the outgoing radial null
direction k% (what is called {* in the NP formalism) is surface forming, whereas ¢ (i.e. n®
in the NP formalism) is not. Such a gauge choice would be inconvenient for us. To send
N to T, we found it necessary to work with a double null foliation, where the infalling
(collapsing) null surfaces {N,},~0 approach future null infinity as p — co. Accordingly,
we have to relax some other gauge fixing conditions that are otherwise frequently imposed
in the NP formalism: in the NP formalism, the parallel transport propagates the null
frame along the outgoing null direction (k* in our case). Such a gauge condition would
be incompatible with the integrabilty conditions of the co-vectors ¢, and k,. Therefore,
we had to impose a weaker condition, namely (5.14), which can always be reached thanks
to the gauge freedom m, — e ?m,. Our discussion completes earlier results [52-59] on
the subject by clarifying the falloff conditions on the covariant phase space in terms of an
adapted Newman-Penrose null tetrad on a generic double null foliation of spacetime.

Taking into account the falloff conditions and removing otherwise IR divergent terms,
we obtained the well-known symplectic structure of the radiative modes at future null infin-
ity from the radial renormalisation of the quasi-local symplectic potential, see (6.24), (3.45).
Finally, we computed the time-dependent Hamiltonian, which generates translations along
the null generators £*. At finite distance, the Hamiltonian is simply the difference of the
non-affinity x and the expansion ), which are integrated over a two-dimensional cross
section of the boundary. This integral diverges in the limit p — oo, but this divergence is
mild. In fact, what we obtain from the covariant phase space approach, is not directly the
Hamiltonian, but rather its variation, see (6.33). The potentially IR divergent contribution
to the Hamiltonian is proportional to the Euler characteristic of the cross section. This is a
topological invariant, whose variation vanishes on the covariant phase space. The variation
of the Hamiltonian 0[H¢] is finite (6.38) and returns the Bondi mass plus a term, which
is given by the integral of the non-affinity x over the two-sphere at infinity. The Hamil-
tonian H is explicitly time-dependent and integrable on a reduced phase space, where
all the radiative modes that would otherwise exist on M, have been translated into fixed
background fields at null infinity. The experience from gravity in dimensions d < (3 + 1)
suggests that the resulting reduced phase space is the phase space of gravitational edge
modes alone.

The article was about classical gravity, but the main motivation for this research has
to do with quantum gravity. The quantum version of our approach will provide boundary
transition amplitudes that are conditioned on the asymptotic shear as a classical back-
ground field and are evaluated between quantum states at two consecutive cross sections
of future null infinity, with the generator of asymptotic symmetries providing the time-
dependent Hamiltonian. In [60], we have given a proposal for how to construct such
amplitudes from a three-dimensional field theory on the null cone.?? In two and three

32 Although the programme is centred around boundary field theories, it would be misleading to call such
an approach holographic: it is not that we try to translate the two radiative modes of the gravitational
field in the bulk into the degrees of freedom of some dual field theory on the light cone. On dimensional
grounds, this may very well be impossible: the radiative portion of the gravitational phase space in the
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spacetime dimensions, the problem simplifies dramatically. There are no radiative modes
to begin with, and the only physical degrees of freedom are the gravitational edge modes
alone. Quasi-local realisations of the boundary dynamics for such gravitational edge modes
have been explored recently from within loop quantum gravity and related approaches, see
for instance [20, 36, 44-47].

The idea to treat the asymptotic shear as an auxiliary (classical) background field is
reminiscent of developments in various other approaches. For example, there is a recent
interest in describing quantum systems in relation to reference frames that are themselves
quantum. It is then necessary to explain how to jump from one such quantum reference
system into another thereby creating quantum entanglement among the remaining con-
stituents of the system [61-66]. In our case, the asymptotic shear o(u,z,z) for a given
Bondi frame (u, z, z) provides the classical frame of reference, the quantum variables are
the gravitational edge modes, namely generators of horizontal diffeomorphisms (4.7) or
boosts (4.30). In addition, we would also like to stress that there seem to be recent de-
velopments from within the AdS/CFT community that supports our viewpoint as well,
see [67-69].
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bulk has 2 x 2 x co® dimensions (two polarisations of the graviton per point), the phase space of a boundary
field theory has 2 x N x co? dimensions.
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A NP formalism and double null foliation

NP Formalism  Double Null Foliation
A oot k= ikAkA =02, ko = —Vau
g n® = A (¢ =i =92 + NO* + (m® +(m®, N = 7%(20)) +0(r=2), (=001
E’S ma = oA m® =i AkA = wdl + pdd +0d?, w=0@r"2), p= M +0(r=2),
me = 144 M =i kA = 00 + pdt +vd, v=0(r"?)
T =14Vogia AVl =—-B=a+ O(r=3)
A= 14V1pta [A/Vﬁl@A/ =0 = 7@ +O(r=2?)
= 14Vorty AN by = %19([) = 7@ +0O(r=2)
v=1"Vitia [A/VZZA/ =0
*E e =14Vpo0a ZA/Vk/;:A/ =0
% a=1"Vigoa IVVaka = —s(y+ia) =001, 7= —i%{)ﬂ]w) +0(r %)
i B=1"Voroa AVpka = —%(fy +ia)
B v =1AVi0a A Vika = —3(k—i¢) =001, k= 7%2(\1/(2‘:5%;5)) +O(r=3)
k=0"Vopos kVVika =0
p=04Vipo4 kA ka4 = —%ﬁ(k) = —% — % — %fﬂ +0(rh), U=0
0=0%Vopoa k¥Vpka = —Ook) = —% +0(r=3)
T=04Vioa kAViky =a= % +0@r?), a® =DU - Dz
v, By = Ta aar,, TN PR B = O(r )

Table 2. Dictionary between the Newman-Penrose (NP) formalism and the conventions used in
this paper. Our metric signature is (—+++). Spacetime vectors V* correspond to anti-hermitian
(1/2,1/2) spinors VA4 = A4 The role of primed and unprimed indices are switched by parity.
What we call e.g. Uy corresponds, therefore, to Wy in the NP formalism. Notice that both k% and
£ are surface orthogonal.
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