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Generalized BMS (gBMS) is the Lie group of the asymptotic symmetries at null infinity, and is proposed
to be a symmetry of the quantum S-matrix. Despite much progress in understanding the symplectic
structure at null infinity consistent with the gBMS symmetries, the construction of a radiative phase space
where all the physical soft modes and their conjugate partners are identified remains elusive. We construct
just such a radiative phase space for linearized gravity by a systematic constraint analysis. In addition, we
highlight the difficulties that arise in extending this analysis to the nonlinear case. In order to analyze the
difficulties we face in extending these ideas to the nonlinear setting, we consider a toy model in which we
gauge the action of the Weyl scaling in the Weyl Bondi-Metzner-Sachs (BMS) group. We find that
supertranslations are no longer well-defined symmetries on the reduced phase space of the gauged Weyl, as
Weyl scalings do not commute with supertranslations. In this restricted case we obtain the symplectic form

and derive the reduced phase space.
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I. INTRODUCTION

Over the last decade or so, there has been a renewed
interest in understanding physics at the boundaries of
asymptotically flat spacetimes. The most well-understood
components of the boundary are the null infinities Z+.
Their rich structure encompasses the beautiful discovery of
Bondi, Metzner, and Sachs (BMS) [1,2], that the symmetry
group that preserves asymptotic flatness at Z= is an infinite
dimensional group which is termed the BMS group. It is
generated by the supertranslations, and the Lorentz group
on the celestial sphere. Supertranslations are the angle-
dependent translations in the null coordinates of 7 + and
ordinary translations are a subgroup of it.

Starting from the seminal work of Barnich and
Troessaert [3,4], there have been numerous enhancements
of the BMS group obtained by relaxing the boundary
conditions on the spacetime metric at null infinity.
Allowing the celestial metric to fluctuate, while keeping
the determinant of the celestial metric fixed, we arrive at the
well-known extended BMS (eBMS) and generalized
BMS (gBMS) groups. In all of these extensions and
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generalizations of the bms algebra, supertranslations form
an Abelian ideal. The Lorentz algebra is isomorphic to the
algebra of global Conformal Killing Vectors (CKVs) of the
celestial sphere, s1(2, C). Hence the original bms algebra is
a semidirect sum of supertranslations and sl(2, C). ebms
algebra extends the Lorentz algebra to include all the local
CKVs (meromorphic vector fields) on the celestial sphere.
The superrotations (ebms modulo supertranslations) form
two copies of the Witt algebra. The other generalization,
known as gBMS, enhances the Lorentz group to include all
the smooth diffeomorphisms on the celestial sphere. In the
case of gbms algebra, superrotations are generated by
smooth vector fields on the sphere. See Refs. [5,6] for a
comprehensive review of these developments.

Even though the asymptotic symmetries of asymptoti-
cally flat spacetimes have been studied since the 1960s, the
main reason for their resurgence in the last decade was the
realization that the conservation law associated with the
supertranslation symmetry is equivalent to the well-known
factorization of scattering amplitudes in the soft limit [7],
Weinberg soft graviton theorem [8]. The eBMS and gBMS
extensions were a further consolidation of this connection
between the asymptotic symmetries and constraints on the
S-matrix, as their conservation law was proved to be
equivalent to the subleading soft graviton theorem discov-
ered by Cachazo and Strominger [9-12]. The new exten-
sions also have an interesting consequence in classical
gravity, as the corresponding Noether charges defined at
null infinity have been shown to be associated with so-
called spin-memory effect [13].

Published by the American Physical Society


https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.108.104058&domain=pdf&date_stamp=2023-11-27
https://doi.org/10.1103/PhysRevD.108.104058
https://doi.org/10.1103/PhysRevD.108.104058
https://doi.org/10.1103/PhysRevD.108.104058
https://doi.org/10.1103/PhysRevD.108.104058
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

ADARSH SUDHAKAR and AMIT SUTHAR

PHYS. REV. D 108, 104058 (2023)

Once we accept the paradigm of studying the group of all
symmetries that preserve asymptotic flatness, it leads to
further enhancements of the BMS group at null infinity. It
was shown in [14] that asymptotic flatness remains
preserved even after allowing the area element (celestial
metric determinant) to fluctuate. This enhancement of the
BMS group is known as the Weyl BMS (WBMS) group. In
this, an arbitrary Weyl scaling of the celestial metric is
allowed along with the superrotations generated by all
smooth diffeomorphisms of S2. In this article, we mainly
focus on the gbms and wbhms algebras.

The space of solutions to Einstein equations for a fixed
celestial metric is parametrized by the shear tensor
o45(u,%). As was shown by Ashtekar and Streubel in
the 1980s [15], one can associate a phase space called
radiative phase space, parametrized by the shear tensor
(0,4) to this space of solutions. In order for the phase space
to have a faithful representation of the bms algebra and its
enhancements, the radiative phase space was enhanced so
that it is parametrized by the shear tensor o, (u, %), and the
boundary modes C(%),T,,(X) that transform inhomoge-
neously under supertranslations and superrotations respec-
tively. The symplectic structure for this setup splits into the
hard sector, parametrized by the shear and News tensors
(Ngp(u,%) = 0,0,,) and the soft sector containing the
boundary modes and their conjugate partners. The soft
sector is termed so, because the quantized conjugate
partners to the boundary modes can be identified with
the soft modes of the gravitational field.

The hard and soft sectors are not independent. The
conjugate momenta of the soft modes are related to the hard
modes by constraints. Prior to imposing these constraints,
we call the phase space kinematical. The particular case in
which the celestial metric is fixed away from all but one
point of the celestial sphere was analyzed in [16]. In that
case, one could solve these constraints and obtain a
“physical radiative phase space” in which hard and inde-
pendent soft modes are identified and which generate a
Poisson algebra. However, the situation is far more intricate
in the presence of a dynamical celestial metric. The
conserved charges corresponding to all the gBMS gener-
ators have been derived [17], such that their canonical
action on the shear field matches with the spacetime action
of gBMS symmetries. Despite this, the radiative phase
space that comprises the independent set of fields obtained
by relating the hard shear modes and the soft conjugate
momenta to the boundary modes has not yet been derived.

Our goal in this paper is to initiate a study of just such a
radiative phase space at future null infinity Z" in which the
sphere metric is smooth and dynamical. This would be a
direct extension of the phase space obtained by He, Lysov,
Mitra, and Strominger (HLMS) which admits a faithful
action of the BMS group [18].

In particular, we consider two scenarios. First, we obtain
the physical radiative phase space for the smooth celestial

metric, corresponding to gBMS in the linearized
setting. Second, we consider the case of HLMS phase
space augmented by arbitrary Weyl scalings of the
celestial metric, and we gauge the Weyl scaling. The main
results of the paper and its organization are summa-
rized below.

A. Summary and organization of the paper

In Sec. II, we begin with a review of supertranslations,
¢BMS, and Weyl-BMS groups. In Sec. 111, we consider the
radiative phase space for the ghms algebra. In Sec. IIT A,
we start with the symplectic structure proposed by
Campiglia-Peraza in [17], suitably adapted to linearized
gravity. We then obtain the physical radiative phase space
by imposing the appropriate second-class constraints via
the Dirac bracket analysis [19]. The main result of this
analysis is the identification of the physical mode conjugate
to the subleading soft News. To the best of our knowledge,
this is the first model of a radiative phase space that allows
for a smooth and dynamical celestial sphere metric. We
then outline the difficulties and subtleties in extending our
results to full general relativity.1

In Sec. IV, we move on to the second case of interest. We
consider the subgroup of Weyl-BMS which is generated by
super-translations and Weyl transformations at Z*. In
particular we start with the expanded radiative phase space
comprising the News tensors, supertranslation soft modes
as well as the new modes corresponding to the dynamical
area element. The symplectic structure is determined by
demanding that it is degenerate along the Weyl orbit,
rendering Weyl rescaling to be pure gauge. We then show
that the constraints can be solved unambiguously, leading
to a radiative phase space. The reduced phase space turns
out to be different from the HLMS phase space in the
following manner: there is no notion of local hard News in
the reduced phase space. We also show explicitly that
supertranslations are not well defined on our reduced phase
space. The reduced phase space is parametrized by the
usual soft modes and the u integrals of arbitrary quantities
made out of the hard News. We note that they form a closed
algebra.

B. Notations and conventions

(i) V, is the two-dimensional covariant derivative
compatible with the celestial metric ¢,,. D, is the
Diff-S? covariant derivative as introduced in [17].
We also denote by Ly the Lie derivative along vector
field V.

Note that the Ashtekar-Streubel, as well as HLMS phase
spaces obtained in linearized gravity, are isomorphic to the ones
obtained in the fully nonlinear theory. However, in the cases
involving a dynamical smooth celestial metric, the radiative phase
space structure is considerably simplified due to linearization.
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(i) The identity for the space of symmetric trace-free
two tensors is constructed out of the Kronecker delta
and the flat metric # on the sphere. It is denoted by

ll,lab’,,cd’ Hab]ch — ]Iab

2 cd mn mn»

_ mn
]Iab,cd - qamth]ch .

I = 5155 —
(1.1)

(iii) The symbols d and 6 denote the exterior derivative
on spacetime and field-space respectively.
(iv) We denote by X, the Hamiltonian vector field
associated with arbitrary phase space variable A.
For a given symplectic form €, it is defined through
Q(Y,X,) = 6A[Y], (1.2)
where Y is any vector field on phase space.
(v) We use the following conventions for the Poisson
brackets endowed by a symplectic form €Q:

{f’g} :Q(Xg’xf) :5f(Xg) :Xg(f)' (1'3)

II. THE STORY SO FAR

We are interested in analyzing the null boundaries of the
asymptotically flat spacetimes. The null boundary Z is
parametrized by (u, 3%). Note that 3 are the coordinates on
the two sphere, transverse to the radial and temporal
directions. We choose the following gauge conditions:
Grr = Gra = 0 = 0, det(g,,/r*), referred to as Bondi
gauge. In this particular gauge choice, the metric at Z
takes the following form:

ds? = =2du® — dudr + d&*dx’ (r’qup + rog + ...) + ...
(2.1)

Now, we review the phase spaces for supertranslations,
¢BMS and Weyl.

A. Review of the HLMS phase space

The symplectic potential at Z" for the radiative data
(shear and News tensor) was famously derived by Ashtekar
and Struebel (AS) [15], and is given by

@AszéﬂdabaNab. (22)

For a well-defined symplectic structure, the News tensor is
required to have the following fall-off conditions:

Ny = 0,65 —5°0(ul™=)  (e>0). (23)
It leads to the following symplectic form and Poisson

bracket:

Q:/ﬂéNab /\56ab,
A

. o L A
[Nap (u, %), Nea(u', 3)] = 5 0,8(u = ) lap ca—= (2 = 9),

where I, ., was introduced in (1.1).

Supertranslation symmetries generate a Hamiltonian
action on all the smooth functions defined on the
Ashtekar-Streubel phase space (I'y5). The corresponding
charge (or flux) for supertranslation contains a term, linear
in soft News tensor ( f duN ,;,). However, the soft News or
its expected conjugate mode does not exist in I'yg. HLMS
revisited the canonical derivation of the symplectic struc-
ture at Z, and showed that there is an enhanced phase space,
which includes the constant shear as a boundary mode.”
The soft News tensor is its conjugate. HLMS’s analysis
involved extending the AS phase space by adding the soft
sector to it, and then imposing physical constraints that
relate the soft News as the zero mode of the News
tensor [5,18].

Recall that the shear tensor ¢,,(u, ) need not vanish at
u — £oo. We define the constant zero frequency shear
mode C,, as follows:

2C (%) = 04(u > +00,%) + 0,4 (4 > —0, X). (2.6)

Let us isolate this zero mode from the shear tensor, and

denote the zero-mode-free shear tensor as gah,
A o A A
Uah(M,X) = Gab(uvx) + Cah(x)' (27)

As a consequence of (2.6), we have

lim [Sab(u,fc) + gab(—u,x)] = co)'jl'b(x) +06,,(%) =0.

U—oo

C,;, is precisely the boundary mode that HLMS intro-
duced into the Ashtekar-Streubel phase space structure.
Making this mode explicit within the original Ashtekar-
Streubel symplectic form, one can obtain the following
symplectic structure:

Q= / N N / \/215< / duNa,,> A 5Cab
T §?
(2.9)

= /I VBN, A 567 + /Sz V@SN 4y A BC. (2.10)

*The HLMS phase space can also be denoted as 'y ys-
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where N\, is defined through

J\/ahE/duNa,,. (2.11)

Let us treat the mode conjugate to the constant shear as
[
independent of the hard News, and denote it by N, to

0
allow for the soft (C,, N,;) and the hard (N,;,) factoriza-
tion of the phase space. The physical phase space is now a
constraint surface inside I'yg x I'y, with one of the con-

o
straints relating soft (lifab) and hard (N, = [duN,)
modes. While isolating the constant shear mode C,;,, we
restrict the shear tensor to respect certain boundary con-
ditions, which acts as another constraint. Thus the con-
straints are

o

Nop(8) = Ny (3) = 0, (2.12)
65, (3) +65,(%) =0. (2.13)

Before solving the second-class constraints and comput-
ing the physical brackets, there is a subtlety to be
considered. Note that the components of Weyl curvature
tensor can be identified as electric and magnetic
components, in analogy with the gauge theories. For
Christodolou-Klainermann spacetimes [20] and their
appropriate generalizations, the magnetic part of the
Weyl tensor vanishes at Z. This amounts to the following
condition:

lim V[aVCGCb] = V[avcﬁfb] =0.

U—=+oo

(2.14)

Since 6}, + 67, = 2C,;, and ¢, — 67, = N, the gen-
eral solution to (2.14) is the following:

Cab - (—2VaVbC)TF; Nab - (—2VaVbN)TF. (215)
Note that V,V,CT" refers to the traceless part of the

symmetric two tensor V,V,C:

(vavbC)TF = vavbc - %Qabqalvcvdc' (2 16)

A symmetric trace-free (STF) two tensor has two scalar
functions worth of degrees of freedom. Expressing this in
terms of a single scalar funtion C reduces the degrees of
freedom of the boundary modes by half.

Let us consider the symplectic form, (2.10), treat the soft

News (]if «b) as independent from the hard News (N ,;), find
the Hamiltonian vector fields [HVFs, refer to (1.2)] and
kinematical brackets. We denote the kinematical brackets
as [+, -], and the physical Dirac brackets as [, -],. Refer to

Appendix A for a short review of the Dirac constraint
analysis. Upon performing the Dirac analysis for HLMS
constraints, we obtain the following physical brackets:

. . 1 1L .. .
[Nap(u,%),Nog(u'.9)] . = 50u5(” - ”/)]Iab,cdﬁézbc -9).

(2.17)

(2.18)

with G(&,9) being the Green’s function for the opera-
tor 4VeV?(V,V,)TE.

B. gBMS phase space

Generalized BMS is one generalization of the BMS
group, which generalizes the Lorentz algebra to include all
the smooth diffeomorphisms of the celestial sphere as
superrotations. The following is the action of ghms on the
constant shear mode and the celestial metric:

Sy Cup(%) = (ﬁv - %vam> Cur  (2.19a)

5anh(5\c) = (‘CV - vmvm)quh‘ (219b)
Note that for arbitrary V¢, det g, is fixed. Since the action
of the ghms algebra deforms the celestial metric ¢, the
associated phase space must include ¢,;, and its conjugate
mode p“.

The existence of superrotations requires relaxing the
boundary conditions on the metric components. For exam-
ple, the shear tensor (o,,), upon the action of super-
rotations, picks up a linear in u contribution:
(U, X) = 04 (u, %) + uT 4, (%). The coefficient of the
linear in u term is well known as the Geroch tensor
(T,p). If we wish to separate the T',;, mode from shear, then
the phase space is further expanded to include T, and its
conjugate I1°’. Note that both p? and I1’ are some

1 o

functionals of the subleading (N,;) and the leading (N ;)
soft News tensors. The leading and subleading soft News
tensors are defined as follows:

o 1
Nab:/duNabv NabZ/duuNab,

Ay U—00

Nab<u’ x) - |u|_2_6'

(2.20)

Since gBMS corresponds to the subleading soft graviton
theorem, it requires new subeading soft News modes in
phase space, as shown in [11,12]. One way to see how
subleading soft News comes into the picture is to see
how the I'4g changes by the introduction of the Geroch
tensor,
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/ SN, A 569t — / (8N, + 8T ) A (669 + usT)
T T

(2.21)

:/5Na,, A5$“h+/ Y AN (/du3“b> +/ 5(/duuNah> A 8T
A §? s?

1 1
= /5Nab A 869 —/ ST, A SN +/ SN, A T4,
A s2 §?

Note that, for simplicity, we are not separating out o, into
the constant shear mode (C,;), which would lead to the

o
J N 4p A 5C term.

With the relaxed falloff conditions on the spacetime
metric, and the metric on the celestial sphere being
dynamical, it is not straightforward to obtain a symplectic
structure from first principles. After the initial works by
Laddha and Campiglia [11,12], Compere et al. [21]
improved the understanding of gBMS phase space by
writing the renormalized surface charges (with controlled
radial divergences). However, the charges in [21] are
nonintegrable [Q(8, §y) is not an exact form]. The inte-
grable part of the charge can be separated out, and the
associated Ward identity turns out to be equivalent to the
subleading soft graviton theorem. Charges that differ by a
boundary term in the soft sector are equivalent to the correct
subleading soft theorem [22,23], because the quadratic
boundary modes have trivial action on the scattering states.
The absence of a canonical hard charge is precisely the
angular momentum ambiguity in general relativity.

The charges (integrable part) in [21] do not close among
themselves and have a 2-cocycle extension. This sits as an
obstruction if the superrotations are to be symmetries of the
quantum S-matrix. Campiglia and Peraza, in [17], obtained
the charges exploiting the angular momentum ambiguity
(adding quadratic boundary modes), such that there was no
2-cocycle. Demanding the charges close, they were able to
write down the following symplectic form compatible with
these charges3 :

Q= / SN, A 569 + / (6N 4 A 8C + 8p™ A 8q,,
7 s?

+ 819 A 8T ). (2.23)

1 R ! 0
Pt = VIV A D2\ 4 (Bilinear inc, N), (2.24)

1
% = 2N @ 4 (Bilinear incC, Kf). (2.25)

’In [171, C,p(u, %) refers to the shear tensor without separating
the constant shear mode. Here, we refer to the constant shear

mode as Cy, (%), and the rest of the shear tensor as 6.

(2.22)

|
R here refers to the Ricci scalar curvature corresponding to
the celestial metric ¢,;,. Note that even though we have the
symplectic structure, since there is no hard and soft
factorization, we do not get a trivial reduced phase space.
This symplectic form shall be our starting point to obtain
the reduced phase space in Sec. III.

C. Weyl BMS

Weyl BMS is a further generalization of the gBMS
group, where a Weyl rescaling of the metric on the celestial
sphere is allowed, along with the smooth diffeomorphisms.
It was introduced in [14], where the authors separate the
scaling action due to Diff-S and include it into the action
of Weyl. A general infinitesimal asymptotic symmetry
transformation £ is parametrized by a pair of functions
T, W and a vector field V on S2. The associated Lie bracket
can be written as

[§(T1~V1;W1)’ g(Tz;Vz,Wz)] = €(712~V12»W12)’ (226)

where the parameters 7 |5, W;,, and V,, are given by

Ty =Y[T,] -1 \|+ W, T, -W\T,, (2.27)
Wip =Y, [Wy] = Yo[Wy], (2.28)
Via = [V, V3, (2.29)

with the right-hand side of the last equation being the Lie
bracket of vector fields.

The infinitesimal transformations &7 y_q w—o) form an
Abelian ideal and are the usual supertranslations. Similarly,
the Weyl part of the Weyl BMS are the transformations
$(r=ov=0w) and gBMS superrotations are given by
f(T:O.V,W:%vuva)- The form of the latter is dictated by the

property that these transformations preserve the determi-
nant of the celestial sphere metric, as can be seen from the
variations written below:

6VCab('§e) :‘CVcabO\C)’ éwcab('%) :_Wcab(}:)’

5VQab<5C) :ﬁvqab(jc)’ éwqab(“%) :_ZWQab(;C)'

The following are the finite Weyl transformation of the
radiative modes:
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N (1, %) = Ngp(e"Du, %), (2.32)
Va(®) = e /q(3), (2.33)
C(%) = e (%), (2.34)
N@) = e IN(7) (2.35)

In [14], the authors have performed detailed covariant
phase space analysis and obtained the symplectic structure
and charges corresponding to the sphere diffeomorphisms
and the Weyl rescalings.

III. GENERALIZED BMS REDUCED
PHASE SPACE

Our interest lies in understanding the reduced phase
space structure for the gBMS, the Diff(S?) algebra. We wish
to find the physical brackets between the fundamental
fields so that they can be promoted to quantum commu-
tation relations. We start from the Campiglia-Peraza sym-
plectic structure [17] [see (2.23)]:

Q= /5Nab A 669 +/ (5/\/“,, A SCab
T §?

4 6p A 8q, + STI A 5Ta,,), (3.1)

1 R o
P = VTN e 2N ot (bilinear inC, N), (3.2)

1
% = 2N 9 4 (bilinear inC, K/) (3.3)
Note that this particular symplectic form was not derived
from covariant phase space methods [24-26]. Even though
we have this symplectic form, and the action of super-
otations on all the fundamental fields, we lack the reduced
phase space analysis. The “kinematical” phase space is
parametrized by the following conjugate pairs:

{6} U LTI, Ty} AP, g} {C. N} }.

There is no hard and soft factorization, and modes p*’ and
1% are nonlinearly related to the radiative soft modes.
Also, T, and ¢q,, are not independent but are related by the
following constraint [17]:

1
VbTab + E VaR - 0, (34)
where R denotes the Ricci scalar for the celestial metric g ,,.
Thus, to obtain the reduced phase space for gBMS, we need
to find the physical brackets between the radiative modes
and the Goldstone modes (C,T,,), starting from (2.23),

with (2.24), (2.25), and (3.4) as constraints, in addition to
the HLMS constraints. Just like the HLMS setup, constraint
analysis due to Dirac is used to obtain these physical
brackets, also referred to as Dirac brackets [19]. However,
such a constraint analysis turns out to be difficult. We
enumerate some of the obstacles in Sec. IIIB and in
Appendix B. But first, we perform this Dirac analysis
for the simplified case of linearized gravity.

A. Linearized gravity

The goal of this section is to study the symplectic
structure corresponding to the gbms algebra in linearized
gravity. Even though we have dynamical ¢, it differs only
infinitesimally from the plane metric ;. The radiative data
and the soft News modes are also to be treated perturba-
tively. We wish to find the physical brackets between the
modes of the HLMS phase space supplemented by the
mode ¢, corresponding to the celestial metric. The angular
part of the metric at Z* takes the following form:

ds? = -+ dx“dx® [ (. + hap(%))

—l—r(aab(u,fc) +Cab(~%))+] (35)
N, = 0,0,,, the News tensor, is treated infinitesimally and
has the following falloff:

Ngp(u, %) e (constant mode) + [u|~27°.

(3.6)

The constant mode is the Geroch tensor 7. Note that ¢,

in this section differs from g_ab from earlier sections by the
uT,, contribution.

The leading and subleading soft News tensors can be
defined as follows:

Ny (3) = / du <Nab(u,5c) ~ lim Nab<u',5c)>, (37)

' -0

1

Noyy() = / du N gy (11, 3). (3.8)

In the second equation, we are relying on the prescription
Jduu = 0. Note that the o, C, p® 11 all are infini-
tesimal. The celestial metric is written as a perturbation /4,
around the plane metric 7,;:

Gab = Nap + haps g =0 =h". (3.9)
The condition that the det ¢,;, = det 5,, = 1 translates to
the following condition for %,:

1 =det(n+h) =exptrlog(n+h)=1+n"hy+... (3.10)

= nhgp = 0. (3.11)
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Note that if g%” and I1,,,; are conjugates, then their traces are
conjugate modes to each other as well. Hence the conjugate
mode p,;, to the dynamical metric is trace-free.

1. Setup: Symplectic form and constraints

Since the indices are raised/lowered using the non-
dynamical metric 7, and all the quadratic terms in
radiative data and soft modes are omitted, the symplectic
form (3.1) simplifies greatly. The constant shear mode C,,
and leading soft News tensor simplifies as follows:

o 0
C,p = —20,0,C™, N =-20,0,NTF.  (3.12)
Let us introduce a scalar function € for the linearized case,

that is related to C as follows:
1
C= 4(0a0b)TF0‘ldbC =4 <dadb - 5%1;52) 279°C. (3.13)

Recall that at the linearized level, the contraction of
transversal indices , , is carried out using the flat metric
nab.4 Since the differential operator relating € and C is
invertible [18], we do not lose any information treating € as

the fundamental field. With €, ]2] Gap» and p?’ para-
metrizing the soft sector, the symplectic form (3.1) can be
expressed as follows:

Q= / 0,60, A 66’ + / (51?7 A 86 + 5pb A 5%,,).
A s?
(3.14)

Note that for the linearized case, the conjugate mode to 7',

1
is T1°? = 2N “? and we have absorbed the term SI1% A
0T, into the Ashtekar-Streubel term, as done in (2.22).
Let us enumerate the constraints that define the physical
phase space. The relation between the conjugate mode to
q.», and the subleading soft News tensor is a constraint,
which we denote F,. Another constraint, relating the
Geroch tensor to the dynamical celestial metric (3.4)
now manifests itself as F,. These two are precisely the
linearized versions of (2.24) and (2.25) respectively. Since
we have not separated the Geroch tensor from News, we
replace T, by lim,_ N,,(«). For the linearized gravity,
we have R = 0,0.h"°. Thus, we have

u—>oo

1 1
VeT ) + 5vaR — limd’N;, + Eaaa,,ach"f =0. (3.15)

The rest of the two constraints are the same as those from
the HLMS construction. We collect the constraints below:

“The relation between € and C in the full nonlinear theory will
also involve Geroch tensor T .

1
]:(fb — pab _ (aaachc> STF, (316)
1
‘7:2a = ’}LI'{.loabNab + Edaabdchbc, (317)
Fiab = 0 + Ogys (3.18)
Faay = Ny + 20,0,N. (3.19)

2. Kinematical structure

The following kinematical brackets can be derived’
from (3.14):

[0 (1, 2). NU(0t $)] = %11355(” _ )Rk —5), (3.20)
(o0 (1.5, N 4(9)] = 154823 - ). (3:21)
fous (. 9). N 4(5)] = S (3 - 9), (3.22)

[Gea(®). p(9)] = 12582(2 - 3). (3.23)
[€(1).NF)] = &3 -9), (3.24)

where H?Z , introduced in (1.1), ensures that the trace modes
are nondynamical. The rest of the brackets do not survive at
the linearized order. For example, all of the brackets of peb,
except for [g, p], have a radiative field on the right-hand
side, and hence are irrelevant in the linearized setting. For
the detailed kinematical structure of the full nonlinear
gBMS, please refer to Appendix B.

Thus, using these kinematical brackets, one can find the
nonzero brackets between the constraints:

R . 1 1 1
P, Fonl3)] = (300070 = fPOo) = P,

x &8 (x —y), (3.25)

. . a L, o .
0 F a9 =2 (805 - ) #(3-9). (320

*We have obtained these brackets by calculating the appro-
priate Hamiltonian vector fields. See Appendix B for details.
Strictly speaking, due to falloff properties of the first term of
(3.14), the HVFs derived from it are well defined only up to the
regularization [* duu =0 and [*_ dud,(uc,,) = 0, the latter
motivated by the falloffs on N, (u) —lim,/_ o Ny, (') and the
constraint ¢/, + ¢, = 0.
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Here we wish to clarify two things: (i) The Hamiltonian vector fields for the mode o, are not well defined and we require
a prescription for the [F3,,, F3.4] bracket. Following Ref. [16], we set this bracket to 0. (ii) To evaluate [F»,, F3,.] we need

lim N, (', %), 04(9) + a;d(y)} = lim lim [N, («',%),0.4(u,9) + 6.4(—u,9)] ~ lim lim 6(u —u’) = 0.

' — 0o U—0

Another justification for the same is as follows:

(3.27)

u' =00 U—00

lim lim u[N,(«), 6% (u) + 6°/(-u)] = lim [Nah(u’),/duau(uo'”d(u))]

u' — o0 U—00 u' =00

= lim [Nab(u’),./\l/'“i—f—/dua“i(u)]

' —o0

1 0

1
= i —89%(k—9) — s duc(u,$ =0, 3.28
= <2 W) Sl </ ot ”)) 529

' >0

where we explicitly used the Hamiltonian vector field corresponding to N, (i, %).

3. Inverting the Dirac matrix

Getting on with the constraint analysis, we can see that the matrix of brackets of constraints, i.e., the Dirac matrix, is
block diagonal. This simplifies the inversion of the Dirac matrix, which we denote by the letter M. The “inverse” of the
Dirac matrix will be denoted by W and it is required to satisfy the following equation(s):

/ P9M ) (3,9)WK (5.2) = &5 — 2)3K,

0 Mp¥ 0 0 0
24 Myt 0 0 0 | Wi O
d*z o | 2
0 0 0 My 0 0
0 0 My 0 0 0

Some explanation of the notation used above is in order:
the capital letters 7, J, K, range from 1-4. The sphere
indices that each constraint carries are understood. For
instance:

_ agab  _ b
MIJ|I:1,J:2 =M$,, = [F1", Fal. (3.31)

Let us write the equations that define the inverse
for M, 4°:

/dzz[]:lab(fc),fzm(z)]wzl Z"d(ﬁ,f’) = 5?352(56—)7),

(3.32)

Wi

(3.29)
0 0 I“ 0 0 0
0 0 068, 0 0
0 wan [EN=EED
Wiy 0 0 0 0 I
(3.30)

We require the Green’s function for the following
differential operator:

W21 Z/ld()%’ j\))
(x)

1 1 1
= 0,0°0" — 32045, — —n®2
<2 m 4 8’7 m

— P12 (% - $), (3.34a)

1 1 1
(— 9,,0%0" — Z(ﬂa(aé’;) - gnab()?am) Wy (3. %)

(x)

2

= —P5}5 (% — P). (3.34b)
As these differential operators may have nontrivial kernels,
we have included formal operators P that project functions
onto the subspace wherein they are invertible. In terms of
these abstract inverses, we can write down all the nonzero
entries of the inverse Dirac matrix:
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WTlab()%’ 57) = _W’ln2ab<5)’5c)’

Wil (%.9) = —Wig,, (. 9) = 5 5558° (X = 3).

Before moving on, let us check that the inverse of the Dirac matrix is trace-free %W, ™ = 0:

[/ d2xW,, 517(?11,)%)} /dzzM,zzf(:z)Wz, m(2,9) = U d>xW,, 5,,(@,)%)]73113552(&—&),

= /dzzWﬂg”d(A,S)) {/ A2xWy b, (W, %)M, 2 (%, A)} = Wy b, (W, 9) P

= 7’]CdW21 fd =0.

4. Dirac brackets

(3.35)

1
5 Oab (3.36)
(3.37)
= Wy 2,00, )P = Wy by (W, ) P14, (3.38)
(3.39)

|
1

[Ny (u,2) N (u,9)], =190,6(u—u')6* (2 —3). (3.40)

We are now ready to find the physical brackets between
the fundamental modes. We denote kinematical brackets as
[-,+], and the physical Dirac brackets, obtained after the
constraint analysis, as [-,],.

We identify the dynamical modes of interest that have
kinematical brackets with particular constraints. This is
illustrated in Fig. 1. In the figure, an edge between the
nodes denoting the constraints indicates that the corre-
sponding entry from the inverse Dirac matrix is nonzero.
The kinematical bracket between quantities from the left
and right ends of the graph gets corrections from the Dirac
analysis. As can be noted from the diagrams, certain
brackets are identical to those of the kinematical ones.
The only nonvanishing bracket of this kind is

1

2ub

Upon imposing F5 and F,, we find that all the brackets

o 0
of N, and N, turn out to be the same. So, from now on,
we do not differentiate between the two. The only non-

o
vanishing bracket involving N, is

o

Wap(%). €(9)]. =20,0,76*(x —5).  (3.41)

This matches with the corresponding brackets from
HLMS [18]. We next consider

1

[hap (2). N <4(9)], = - / A28 [hap (%), F{ (2)] Wi (2.2) [Fam(Z). N <(3)]

1 iy O A 1., 0 R
= E]Id]b]lm[{l E W’]ﬂ%j(x, y) = E]Imcz g W}inZab (.X, y) (342)
Note that in the last equality, we have used 7"/ W12 7j = 0. We note from diagram (a):
(Gap(%), N (u, )], =0 V finite u. (3.43)
qab ¢
1 o
Nab Nab

FIG. 1. Corrections to the brackets due to second-class constraints.
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However, the two equations, (3.43) and (3.42), are not in contradiction with each other, because, in general,
la, [ b] # [[a.b]. The other nonvanishing bracket is

1 1 o L o
[Nab(u7 j\c)’N’Cd()A))] x E]IZZ(SZ (5\6 - y) - / d22d22/ [Nab(u5 '%)7 flj (Zﬂ WIZ Zl'(z9 Z/) [FZm (ZI)“/\/-Cd(y)} (344)
IHcd(sZ(’\ A) 1]Iki 0 62 w m(’\ A)Hcd (3 45)
= — X — —_— e X, em+ .
2 T T Gy axkax, 12U
Note that the soft News sector does not decouple completely from the hard News, as was the case in [16].
Eliminating the inverse matrix element from (3.42) and (3.45), we obtain
< 1 L cd /e A
(2Vasl03) + 0" = 3100 ) N )| =T (55, (3.46)

1

Thus at the level of linearized gravity, we can find the conjugate mode to A/ “®. The striking thing about this result is that the
explicit form of the Green’s function does not appear in this equation. We only require its existence. Note that since (3.46)
holds for all values of u, only the constant mode in News, which is exactly the Geroch tensor, is contributing to the Dirac
bracket. Had ¢, not been dynamical, we would have gotten 27 ,;, to be the conjugate to the subleading soft News tensor, as
expected:

. . 1. I
[Nop(u, ), N4(u,9)], = E]Iaiaué(u —u)&* (k- 9), (3.47a)
1 cd
|(2Nap (1. %) + 10 0,0,,) N (3)] =148~ ), (3.47b)
[C(3).NG)], = 8 —9). (3.47¢)
0 1o o o
Jacobi identities. At the linearized level, all the Dirac Fare = lim VON,, + EVQV”V"th, (3.49)
brackets are differential operators (or constants) acting on e
the Dirac delta function, hence the Dirac brackets satisfy 4 _
Jacobi identities. F3ap = Oap + Oup: (3.50)
5. Celestial plane vs celestial sphere Faay =Nap + ZVHV,,](\} . (3.51)

In the analysis so far, we have expanded the metric g,

around the flat #,, perturbatively. However, we could have
done the same analysis with ¢,, being perturbed around

round sphere metric é}ab, for which the Ricci scalar 10? =2
The significant difference lies in the kinematical mode
conjugate to A, (3.2). The updated constraints would be as
follows:

1 o o 1
]:'clth — puh+Hg1bn(Nmn_vaanc>

(3.48)

[N (1, %), NU(ud', 9)],

1
= EH%%(S(” - M/)dz(jE - j})’

0
Note that the covariant derivative V, is compatible with

the round sphere metric éab. The nontrivial element of the
Dirac matrix is

(3.52)

Proceeding as before, the final Dirac brackets are

(3.53a)
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[ 1 N ) . .
[(ZNub(M,)AC) — hap (%) +Hi;khvkv]%j)vNCd(Y)]* =I4d*(x - 9).

C(%), N®)], = (5 - ).

We end this section with a few remarks.

(i) We have separated N, C from the hard modes and
the reduced phase space admits Poisson brackets
between these soft modes along with the usual AS
bracket. Hence Iy is @ subspace of the phase
space defined in this section.

(i) An important distinction of the present analysis from
the earlier attempts [16,17] to derive the symplectic
structure on gBMS (eBMS) phase space is the
following: In [16] the authors separated the fields
in hard and soft sectors. In the gBMS case, the soft
sector is parametrized by ¢, T,,;, which are related
by a constraint, namely the defining equation for the
Geroch tensor. As we have shown, at least in the
linearized gravity, separating the hard shear tensor in

gab and T,, is not necessary. Parametrizing the
subleading soft sector by sphere metric and its
conjugate is sufficient to obtain the reduced phase
space in which all the functionally independent
conjugate partners can be identified. It is this phase
space which should be quantized and may lead us to
a more refined understanding of soft vacuua in
quantum theory. However, we leave the quantization
of this phase space for future work.

B. Obstacles in gBMS phase space analysis

In this section, we outline some difficulties we faced
while undertaking the constraint analysis for gbms algebra.
The following is the symplectic form proposed in [17], out
of which charges that faithfully represent the gbms algebra
can be computed:

Q= / V6N, A 569
T

+ / \/§<51(\)/ A 86 + STID A ST, + 5p™ A 5%,,),
S2

(3.54)

where € = (=2V,V, + g A + Ty, ) (=2V4VP + T8 C.
Furthermore, p“ and I1%’, the modes conjugate to g,
and T,, respectively, are functions of subleading and
leading soft News modes. We include their definitions in
the set of constraints:

1 R 1 0
Fab = pab — | VAV N be — ENM} + (bilinear inC, N)],

(3.55)

(3.53b)

(3.53¢)

1 o
Feb = 1 — [zNab + (bilinear inC, N)} . (3.56)

R is the Ricci scalar for the two-dimensional celestial
sphere. Since we have included the definitions of p®” and
I1° as constraints, we can treat them as independent from
other soft or hard modes, at the kinematical level.

Apart from these two, we have two constraints, (almost)
the same as the HLMS case. We refer to them as F3 4. The
relation between T, and g, is referred to as F'5. The same
constraints appear in [16]:

o

Faap = Nap +2[D,D,N]', (3.57)

Faary =04y + 00 (3.58)
|

Fsa= Vo +5VaR. (3.59)

Here the symbol D denotes the Diff(S?) covariant
derivative. We have to find the kinematical brackets for
this setup and perform the second-class constraint analysis
to obtain the reduced phase space. However, this problem
proved rather difficult. The interested reader may consult
Appendix B for further details.

IV. REDUCED PHASE SPACE FOR GAUGED
WEYL BMS

In this section, we analyze another example of the
radiative phase space with relaxed boundary conditions
at null infinity. The boundary conditions are such that the
celestial metric is fixed up to a conformal factor. These
boundary conditions are “complementary” to those which
lead to gBMS symmetries, for which the area form on the
celestial sphere is fixed.

It was shown in [14] that such a boundary condition
preserves asymptotic flatness. The resulting symmetry
group which we denote as W is a subgroup of the so-
called Weyl-BMS group, discovered in [14], which is a
semidirect product of the BMS group and the Weyl scaling
of the celestial sphere metric. The Weyl-BMS group
contains supertranslations, celestial diffeomorphisms, as
well as Weyl scalings. We focus on the phase space which
admits an action of W, that excludes the area-preserving
(celestial) diffeomorphisms.

Although W (as well as Weyl-BMS) generates an action
on the solutions of Einstein’s equations, the charge asso-
ciated with Weyl rescaling does not constrain classical
scattering. Moreover, it can be argued that the conservation
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law for flux Qy, at Z*, generated by the conformal scaling,
is a consequence of the supertranslation conservation law.®
Motivated by this result, we consider the scenario where
the asymptotic structure at Z is fixed up to rescaling
freedom of the celestial sphere metric but we then gauge
the Weyl symmetry. This model for a radiative phase space
is not physical as in generic radiative spacetime the Weyl
flux at Z" need not vanish. However, this example helps us
in elucidating subtleties in analyzing the phase space at 7
with a dynamical celestial sphere metric which we did not
encounter in the case of linearized gravity in Sec. III A.
As we show below, the Q,, = 0 hypersurface is symplec-
tic and is a direct product of the “soft-sector”” parametrized
by the supertranslation Goldstone mode, its symplectic
partner, and an additional pair of fields associated with
the shear field at 7. The soft sector turns out to be isomorphic

to the soft sector in Iy s as the only soft modes are (C, lsl ).
The symplectic structure on this hypersurface which is
induced by the symplectic structure on I'}y, nicely elucidates
the difficulties we face in separating hard and soft degrees of
freedom once the celestial metric is a dynamical mode.

A. Weyl Invariance of The CK condition

There are two polarizations of the graviton and hence two
soft theorems. However, there is only one charge associated
with each supertranslation parameter f(X). The apparent
discrepancy is resolved by the Christodoulou-Klainerman
(CK) condition [20], which relates the positive and
negative helicity graviton insertions. CK conditions can be
interpreted as the vanishing of the magnetic charge at null
infinity [27]. In the presence of a dynamical metric, the
magnetic part of the supertranslation charge is as follows:

1
QI[é:f] = Az f/ du (v[avCNcb] - ET[aCNcb]> (41)

Note the presence of an extra term containing the Geroch
tensor compared to the HLMS setup.

For the charge (4.1) to vanish for arbitrary f(z,Z), the
integrand should vanish, hence:

o 1 o o
ViVNesy = 3 TNy = DD Ny = 0. (4.2)

Here, the D, are the gBMS covariant derivative, as
introduced in [17]. The general solution to the above

o [
constraint is N, = —2D,D,N T and hence:

®We thank Daniele Pranzetti and Laurent Freidel for commu-
nicating this result to us.

In analogy with the gauge theories, certain components of the
Weyl tensor for the four-dimensional metric can be identified as
electric fields and magnetic fields.

D.D.N* = D.D.N = (4.3)
(2] o

Since N, and N-: create leading soft gravitons of different

helicities, the above equation implies that the two polar-

izations of the leading soft graviton are not independent [18].%
The counting for the leading soft gravitons remains the

same even in the presence of superrotations, as the CK

condition is invariant under superrotations:

0 1
Sy(DuDNp)) = <£V +§Vava>
0 1 0
X (V[achcb] —ET[achb]) =0. (44)

Hence, even in the presence of superrotations, the counting
for leading soft graviton insertion is still the same.

In order to compute the transformation properties of the
magnetic charge under Weyl BMS, we make use of the
following identities:

5w'9a1...h]m — kw&g]mh,...

= SWDC,S”]W""“ = kaaﬁalmh"“ (4.5)

We make use of the crucial insight that the Weyl weights (k in
0,9 =kwd) and the gBMS weights [k in §,9 =
(Ly + ka)9] coincide for all of the quantities.9 This implies
that the gBMS covariant derivative introduced by Campiglia-

Perazain [17] is also Weyl covariant.'’ Asa consequence, the
CK condition is invariant under the Weyl scalings:

5, (D[aDC'X]ch]) —0. (4.6)

8Supenrotations correspond to the subleading soft insertions of
gravitons, and the insertions of the two helicities are independent.
There are two charges corresponding to V?a€([1,2] and the
electric and magnetic parts for each vector field are identical,
hence a total of only two independent charges [27].

“This follows from the fact that the ka term in gBMS action,
Sy9 = (Ly + ka)9, upon generalization, leads to the Weyl
scalings. @ becomes the independent Weyl parameter w.

As an interesting exercise, had the Weyl weight and the
gBMS weight been different, we could have constructed a Weyl-
Diff-covariant derivative (D) as follows:

5V19a|,..b1m = (‘CV + ka)'gal.‘.b'm
= 5VDa19a]mhlm = (EV + ka)[)alga]mb]ma
84, 1 = Iwd,, P

= 5wD1119a1...b1m = lWDalga].”b]m

This derivative is metric compatible and has the following
form:

D‘ﬂgal-uhlm = Da'gal.“blm + (k - l)A[ﬂga]..Ahlm’

such that, 8,,Ap = Vyw, OvA, = LyAy.
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The usual counting of charges and soft theorems remains

4
unchanged and we can express C,;, and N, in terms of scalar
functions:

[ [
c,,=-2D,D,C™, Ny, =-2D,D,N™. (4.7)

B. Symplectic structure and kinematical brackets

In this case, a general ansatz for the presymplectic form
is a sum of the supertranslation sector from [16] and a term
corresponding to the mode ,/g. Concretely,

Q= /5Na,, ~8(vaoe) +/ SN A 6(\/7DC)
A §?

1
+= / ST A 6,/4. (4.8)
2 S2

The first two terms are the usual terms from I'yy yg, With the
last term indicates that the ,/q is dynamical.“ Recall that
D = 4D,D,(D*D?)TF. The presence of the dynamical
celestial sphere area element leads to a nonzero Geroch
tensor, and hence we have Diff-S? covariant derivative D,,,
rather than V. Also note that since T, is a functional of
\/q, we are not treating it as an independent boundary
mode. The News tensor does not have the Geroch tensor as
the constant mode, and hence has the following falloffs:

N (1, 2) 257 || 272,

(4.9)

An expression for the mode IT in terms of the other phase
space variables can be obtained from covariant phase space
techniques [14]. Here we take a more simplistic approach to
fix IT: we compute it on the hypersurface I'y,, within
the phase space, on which we demand that the Weyl flux
0Oy = Q(6,8,,) vanishes identically. The rest of our analy-
sis will be restricted to this hypersurface. The action of
Weyl BMS transformations on the modes in the phase
space are as follows:

8Ny (u, %) = wuo,N 4 (u, %), (4.10)
56y (1, 3) = w(—?yab + uNab) (u, %), (4.11)
8,Cap(8) = —wC,(%) & 6,C = —wC, (4.12)
5.,Nop(3) = —WN (%) & 6,N = —wN,  (4.13)

"Note that (4.8) reduces to the HLMS symplectic structure
once /q is nondynamical.

Oy \/6(3%) = _2W\/a(5€) :

For more details, we refer to [14].
Demanding that the Weyl flux vanishes puts the follow-
ing constraint on the phase space variables:

(4.14)

Q(5.5,) = / du 6N 4/ (8“” + uNab)
- / du uauNabé(\/aé ab)
+ N 5(ac®) + N (yaC)
8T /q — iawn(s\/a —0. (4.15)

Using the falloff conditions on N,,, and the relation

o4 o_ .
6 ,, = —0 ,,, We obtain

0 1
b) < / duu\/gN , N + \/Z1N$C> =V/qoll+56,116\/4.
(4.16)

For the right-hand side to be a total variation, we must have
the following:

6,11 =2w(g(z,2)f (Vq) + ).

This implies that IT has to be of the form

(4.17)

M(3) = / du uN ;N + NDC + g(R)f(v/q). (4.18)

Substituting it back into the symplectic form (4.8), we
see that the term g(X)f(,/g) does not contribute to the
symplectic form. We, therefore, omit this term altogether.
We have the symplectic form (4.8), from which kinematical
Poisson brackets may be derived, and from which the
reduced phase space may be obtained by imposing on the
kinematic phase space the following constraints:

F :H—K’Q)C—/duuNa,,N“b, (4.19)

0 o

-FZab = Nab _Nab7 (420)
Fagpy =061 +67,. (4.21)

The symplectic form is degenerate by construction,
ie, 3X: Q(Y,X)=0V Y. The X in question is the
Hamiltonian vector field for the constraint F,. This is
because F; is by construction the Noether charge that
generates the Weyl transformations.

At the kinematical level, i.e., prior to the constraints
being imposed, we find the brackets using the kinematical
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HVFs derived from the symplectic form given by (4.8). The

[
second-class constraints among these involve the modes N,

[

Nab, 3a,,, and ,/q. The nonvanishing brackets amongst
these modes are listed below, and these will prove useful
when we solve these constraints via the Dirac procedure:

1 1
Nab ,A,N /’A =—0.6(u— /Hab_52'\_’\’
[N (u, %), Nea(u!', 9)] =5 9u8(u u)cd\/c_] (&-9)

(4.22)

NV (3), 8000, 5)] = —stﬁazoc 5. (423)
M(z). C)] = _%6@,9), (4.24)
(60 (1. %).TI(5)] = G4 iqéz(fc -9). (4.25)
[Va().106)] = 262(3 - ) (4.26)

C. Physical phase space

We have a dynamical system with Weyl scalings along 7
as the gauge redundancy. Gauging the Weyl transforma-
tions implies that we consider the constraint hypersurface
F1 ~ 0 and quotient it out by the Weyl transformations. It
can be checked that this is a consistent restriction as the
HVF generating the Weyl action is tangential to the 7 ~ 0
hypersurface. We present two ways to “solve” such a
system, by gauge fixing, and by finding the explicit reduced
phase space.

0 M (%, 2)
M3145(%, 2) 0
0 \/%]Iab,cdfs (£-2)
25— 2) 0

1. Gauge fixing

One way to solve the first-class constraint is by intro-
ducing another constraint that has a nonzero bracket with
the first-class constraint, rendering it second class [28,29].
To begin with, we have a total of 5 X oo constraints, out of
which 1 x oo are first class. F is the first-class constraint
and is the generator of the Weyl scalings. The new constraint
is the gauge fixing constraint. One natural gauge fixing
constraint for our current contextis /g = 1."* We have thus
the following second-class constraints to solve

Fi =T - NDC— / duuN N®,  (4.27)
F2ab = _Z[DanK’]TF - Nabv (428)
Fiap =61, +67, (4.29)

Fo=q-1. (4.30)

We can find the kinematical brackets among the con-
straints using the kinematical brackets from earlier. Using
the HVE,

1 o
:—/dMMNabo—
V4 56,4,

P
2 [ duunN N2
+ /”” ST

deu u N, N

(4.31)
we can check that

{/duuNahN“b,./\/mn} =0= [/duuNuhNabﬁmen .

(4.32)
Hence, the Dirac matrix is as follows':
0 —52(56 -32)
]Iab,cd(S (x - Z) 0
va (4.33)
0 0
0 0

The inverse of the constraint matrix is defined as follows: (Note that 1, J, ... refer to the constraint number [1, 2, 3, 4] along

with the sphere indices.)

20ther possibilities are C or Xl = {-1,0,+1}. Note that the Weyl cannot switch the sign, and if for instance C = 0 in some region,
the Weyl action will keep it zero. Hence such a gauge fixing will only be partial.

PNote that the antisymmetry of [F;, ] rules out terms proportional to 52(x — y). One can check that the rest of the terms vanish,

and hence [F,F] =0.
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/ QREM, (2, 2)WK(2,9) = (5 — §)5E. (4.34)
The explicit inverse of the Dirac matrix is as follows:
0 M12mn 0 _5525,2
2 2
/dz2 MZlab 0 \/[I]Iab,mn(sjj 0
0 - \/%]Iaby,,,,,é)%’2 0 0
8, 0 0 0
2
0 0 0 %25 1 0 0 O
0 0 _ \/T‘?]Imn,cd5§y 0 0 ]1,‘1'}‘5 0 0
/i /a = 4 5)%"7. (4.35)
0 T‘]]Imn,cdééy 0 _M21mn 0 0 Hgb 0 3
q c 0 0 0 1
-2, 0 — T ppyped 0
|
Let us look at the corrected brackets: the next section that the supertranslations, which are a
genuine symmetry of ['ypys, are not well defined on the
p.d], = [0.q] Z / 425 22 [qo Fi )] reduced phase space of the gauged Weyl model.
] * T ’ - 1 2 ’ 1 1
7
X W21, %) [ F (), a]. (4.36) 2. Supertranslations in the presence of the gauged Weyl

One immediate thing to notice is that'*

(Faap(2).a], =0= [/(/ab(fc),a]* = [_zvavbﬁlTF’a]*'
(4.37)

The only independent modes after imposing the constraints

are {](\)] ,C,N,}. One can notice that all of these modes
have vanishing brackets with F5 and F,. Hence, only the
Fi, F, block of the inverse matrix contributes to
the correction of brackets. This particular block [upper
left 2 x 2 in (4.35)] is identically zero. Hence the brackets
of these modes remain uncorrected:

. . 1 A
[Nab(u’ x)’ ch(ulv y)] _— Eaué(u - u/>]Iab,cd52(x - y)’
(4.38)

(4.39)

These brackets will be useful in computing the Poisson
algebra of the Weyl invariants in the next section. The
structure of the gauged fixed phase space is not meant to
imply that the reduced phase space is 'y ms. We show in

“Note that after gauge fixing /g =1, T,, vanishes, and
hence N, = —2V,V,NTF

In this section, we show that the action of supetransla-
tions is not well defined on the reduced phase space.
Consider the action of supertranslations on the News
tensor:
Nab(l/t,.%> _)Nab(u—f—f('i.)vj\c) (440)
Since Weyl is a gauge redundancy, we may choose to act
the same supertranslation on another representative of the
orbit of N, (u, &) under the Weyl scaling, say N, (e"u, X):
Nay(e¥u, %) = Ny(e"u + f(R),%). (4.41)
As the right-hand sides of (4.40) and (4.41) are not
related by a Weyl transformation, we conclude that the
action of supertranslations take different points on the same
gauge orbit to points that do not lie on the same gauge orbit,
and are thus ill-defined on the reduced phase space. This is

because the supertranslations and Weyl generating vector
fields do not commute; see Weyl algebra from Sec. II C:

{5(/'.0,0)» 5(0,o,w)] = 5(wf,o,0)- (4-42)
Thus, if we gauge Weyl, supertranslations are no longer
symmetries of the dynamical system. Since supertransla-
tions are true symmetries of the quantum S-matrix, the
gauged Weyl setup is unphysical. The absence of super-
translations as a symmetry manifests itself in the reduced
phase space approach to gauging the Weyl action.
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3. Reduced phase space

The Weyl action on N, is induced by a scale trans-
formation of the null coordinate. The algebra of dilatation
invariant functions on R is isomorphic to the algebra of
functions on a non-Hausdorff space consisting of three
points. This nontrivial topology makes it clear why super-
translations no longer remain global symmetries in the
reduced phase space.

Let us now isolate the “physical” degrees of freedom
without gauge fixing. To begin with, we have the following
coordinates for the kinematical phase space:

(V@ C(3), N(®)} U {N (. %)}.

The reduced phase space is the one constructed by
endowing the space of Weyl orbits a symplectic form
induced from the kinematical phase space [28,29]. Since
each orbit may be parametrized by the values of the Weyl
invariant quantities, we may treat independent Weyl invari-
ant quantities as the coordinates on the reduced phase space.
For instance, in the soft sector, kinematically, {C, N, \/q}
are the coordinates in the phase space. We can choose the
following coordinates for the soft sector, in which case, the
gauge mode and the physical modes are identifiable:

(4.43)

(V. /a ' C. /a1 N}. (4.44)

dynamical modes

4
In addition to the {C, N} modes, we have the following
integrals'> over Z that are naturally Weyl invariant:

I.{"iln}E\/a<Znan_1)/2/

00dul_[(()’;N..(u))“", a,€Zsy.
© n=0

(4.45)
|

|:\/5(4’1_1)/2/du<NabNab>n,\/5(4”1_1)/2/du/<chNCd>m:| —0.

For illustration, we write another Poisson bracket:

The ... in 7%} denotes the arbitrary sphere indices.'® Note
that we require only a finite number of a,,s to be nonzero for /
to be well defined. In holomorphic coordinates, these
integrals take the following form:

I{an}’{bn} = \/6(2 n(an+hn)_])/2

< [a TT(0N () (02N ()
— n=0

a,. by, € Zs,. (4.46)

Not all of the 7{®} are independent; while some of them
trivially vanish, others have relations amongst them arising
out of integration by parts. However, such relations keep
the rank of the tensor ) na, and ) a, fixed. Examples
include

q / duN,,N*o,N ., +2q / duN,,0,N*N,, = 0.

(4.47)

We can use the kinematical brackets to evaluate the
physical Poisson brackets amongst Weyl invariant quan-
tities. One can see clearly that the /% form a closed algebra:
this is because, by virtue of (4.38), the Poisson bracket of
any two of these invariants is a sum over terms with one
higher power of /g, one extra u derivative. This ensures
that the power of the prefactor /g is always appropriate to
make the Weyl weight of the overall quantity zero. Now we
give a few examples of what the brackets look like. First,
we note that the following set of observables forms an
Abelian subalgebra:

(4.48)

TP [ Q4N @ [ (NN )" 0)

= 2(1 = m)\ /" / duo,N (chch)’”52(5c ~$).

(4.49)

"Note that even though u integrals, J¢© du, can be made Weyl invariant, they are not a part of the phase space since one needs

distributional smearing functions to define them.

'%One can verify the Weyl invariance of I by using 63Nub(u)1>e”waﬁ,Nab(u/)|

W=e"u-
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The algebra of Poisson brackets amongst I1%} is
compatible with the Poisson algebra derived by fixing the
gauge, (4.38).

We can act arbitrary Diff-S? derivatives on any of these
Weyl invariant quantities, and with appropriate factors of
/4> we obtain more Weyl invariant tensors. The reduced
phase space is thus parametrized by the soft sector and the
integrals 11}, These constitute an overcomplete set of
invariants, and characterizing the reduced phase space by
picking out a basis from this set of invariants will be a
challenging problem.

V. CONCLUSIONS

The recent studies in asymptotic symmetries beyond the
ones generated by BMS vector fields typically relies on
the relaxed boundary conditions in which the celestial
sphere metric is allowed to fluctuate. However, our
experience with asymptotic quantization of radiative
phase spaces in which the celestial metric is dynamical
is rather limited. This is because passing to quantum
theory requires that we find the conjugate pairs in the soft
and the hard sector. The broad goal in this paper has been
to provide examples of such radiative phase spaces, which
are in principle amenable to asymptotic quantization. We
have analyzed two scenarios in which the sphere metric is
dynamical: gBMS under the restricted setting of linearized
gravity and Weyl BMS where we treat the Weyl scalings
as pure gauge.

We obtained the physical radiative phase space
for gBMS in the context of linearized gravity. Even
though the generic Dirac bracket involves an abstract
Green'’s function, we have identified a certain combination
of a Geroch tensor and celestial metric that is conjugate to
the subleading soft News tensor. The final phase space
does not factorize neatly into the hard and soft sectors,
as the brackets amongst these soft modes and hard
modes are nonvanishing. The results of this analysis
parallel those of [16], indicating the robustness of those
results.

In the linearized gravity approach to the gBMS phase
space, we showed that keeping the Geroch tensor 7', as a
constant mode of the News tensor leads to simplifications
in our analysis. A similar approach may help in the
nonlinear analysis as well.

We showed that the usual method of obtaining Poisson
brackets from the symplectic form via Dirac’s method of
eliminating second-class constraints runs into some issues
when applied to the symplectic form for gBMS in [17].
The core obstruction to the program is the fact that the
determinant of the Dirac matrix is an operator that has
functional dependence on soft modes. We believe that it
will require new ideas to solve the constraints in this case as
an inversion of an operator-valued Dirac matrix appears to

be a rather intractable problem. Given the importance
of obtaining the radiative phase space to perform (asymp-
totic) quantization and define a complete set of soft
vacua in quantum gravity, the problem merits a serious
investigation.

We then focused on a toy model involving the Weyl
BMS group but excluding the superrotation subgroup.
Restricting our attention to the special case with vanishing
Weyl flux, we obtained a symplectic form that is degenerate
over the orbit of the pure Weyl transformations of the
Weyl BMS group. We checked that the Christodoulou-
Klainerman condition is invariant under the action of the
Weyl rescaling and obtained the reduced phase space for
the gauged Weyl model. It is an intriguing observation that
the reduced phase space of the HLMS phase space
augmented with Weyl scalings as gauge is not HLMS
anymore, as it lacks supertranslations.

The gauge invariant observables are precisely those that
are fixed under Weyl rescalings. In the soft sector, this
transformation acts via an overall scaling and thus we have
specified a generating set of gauge invariant quantities by
supplementing the soft modes by appropriate factors of
sphere area element ,/q. However, in the hard sector, there
is no notion of local hard News and the supertranslations
are not well defined. As a result, Weyl scalings cannot be a
gauge redundancy in any physical setting. Also, it leads to
the fact that in the hard sector, only the Weyl invariant
densities constructed out of the 7 integrals of hard News
survive in the reduced phase space. We have identified a set
of such quantities that form a closed algebra, and presum-
ably, form an overcomplete set of Weyl invariants.

It would be natural to explore how our work in both
settings connects with the flat space holography program
(see Refs. [30,31] for a review).

The reduced phase space defined in the gauged Weyl
setting may have an interesting connection with the space
of all asymptotically locally flat geometries which were
analyzed in [32]. The phase space description we provide in
this work may prove useful to better understand these
locally flat geometries.

Our reduced phase space analysis for linearized gBMS
could prove useful in a variety of settings. For instance, the
double soft graviton theorems are sensitive to the details of
charge algebras [33,34]. It would be useful to revisit the
double soft theorems in light of conservation laws emerg-
ing out of the gBMS phase space.
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APPENDIX A: DIRAC ANALYSIS

Given a dynamical system and the corresponding
Poisson brackets, if we wish to impose some constraints
F, = 0 on the dynamical variables, then we follow Dirac’s
analysis. (We refer to [19] for a comprehensive review.) The
brackets of the dynamical quantities on the constrained
surface are called Dirac brackets. Given the Poisson
brackets amongst the dynamical variables, we can find
brackets amongst the constraints as well. If a constraint
commutes with all the other constraints (valued on the
constrained surface), then it is called a first-class constraint.
Constraints that are not first class are termed second class.

Given a set of constraints, consider the maximal set of
second-class constraints. Let us denote them by F,. We
denote the kinematical brackets as [-,-], and the Dirac
brackets as [-,-],. The prescription due to Dirac for
computing these new brackets is

(w.a]. = [p.a] =D _[p. F)W*[Fra]. (A1)

ik

Here ¢ and « are arbitrary functions on phase space and
Wik is the inverse of the commutator of constraints, defined
as follows:

SN [FLFIWk =6 =Y WH[F,. F]. (A2)

1

Note that [, F;], = 0. (A3)
When the phase space is finite dimensional, one can
check that the Jacobi identity is satisfied. Hence the final
brackets are antisymmetric and satisfy the Jacobi identity
by construction.
The above construction can be generalized to the
continuous case. In that case, the sum over constraints

gets additional integrals appropriately as follows:
S [ @FD. P E5) = -5 (a9
K

Recall that the antisymmetry of the Dirac matrix manifests
itself as follows:

(A5)

The same holds for the inverse as well.

APPENDIX B: DIRAC MATRIX
IN THE GBMS CASE

Let us reiterate the symplectic form for the gBMS
case (3.54)"":

Q= / Va@ON yy A 86
T

n / \/5(51(\)1 A 66 + STI® A 6T, + S5p™ A 5qa,,),
S2

(B1)

with G = (—2vav,, F g A+ Top)(=2VVP 4 T“b) C.
(B2)

We have traded off C in favor of €. Given €, we can
invert the differential operator and obtain C in terms of the
appropriate Green’s function. The information regarding
the boundary modes of shear is completely encoded in €,
rather than C. After finding the brackets of €, we can
use (B2) to obtain the brackets of C as well.

The variables p® and I1°° are both trace-free. This is
because their conjugates also have 2 degrees of freedom
each, as they satisfy det g, = 1 and ¢*T,;, = 0. One can
see that by going to the local complex coordinates. In
abstract index notation, since g, is dynamical, the trace-
lessness condition itself is intricate, as can be seen in the
following illustration:

1
8" A 8quy = p™ A 8quy +58(pg™”) A Squ  (B3)

= 5pabTF A 5qab
1
+5(@Ep A 48,5+ pdq™ NSq.,)  (B4)
= 5pabTF A 5quh7 (BS)

where we used ¢*8q., ~5\/q=0. 89" N Squ,~

6(5\/21) =0.
To obtain the kinematical brackets, we calculate the
HVFs,'®

1 13}
XNab = E]Iab,mn g - Nnd 5pnb ’ (B6)

""Note that the Geroch tensor is explicitly present, unlike the
case of Sec. Il A. This is due to I’ being intricate in the
nonlinear case and there being no canonical way to incorporate
OI1 A 6T into the hard sector.

Note that in the following, we treat &, as the fundamental

field and 6% as a functional of 30,, and ¢q .
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o
X, :]Iabmn/du L (B7)
Nab ’ 561’”}’[
1 1) 1 o
X =—/d L VL — B8
1)
T = ~ 5y (B9)
o
X ab — 5 BlO
= (B10)
)
Xg=——, (B11)
ON
o
Xo _ — B12
N 567 (B12)
)
dap — _5pab’ (B13)
X = 6 +2/q(ma(07bn)XN (Bl4)
P 0qap 7 "

The relevant kinematic brackets among the phase space
variables follow from the HVFs, and here we state the
results:

[0 (14,), N e (9)] = L cad (& = ), (B16)
[éab(u,x),/{/cd(y)] = %uﬂgiéz(fc - 9), (B17)
[Nap (1, %), p(9)] = N8 (3 - 9), (B18)
[Tea(®). 1 (5)] = 1¢46%(3 - 9), (B19)
[4ea(%), P (3)] = 62582 (% - ), (B20)

(PR NG)] = (A0 = S i)
x 8% —9) (B21)

The kinematical structure is thus well understood. We
now have to impose the constraints (3.55)—(3.59) on this
kinematical phase space. We can compute the kinematical
brackets of the constraints yielding the Dirac matrix. At
generic points in the phase space, these constraints are rather
unwieldy, so as a first step we consider the region I',; defined

as the subspace of the phase space where the modes 1(\)/ and

1
N, vanish. In this special case, we note that the brackets of

o

the bilinear terms in C and N vanish, and hence these terms
have no bearing on what follows."” We then show that the
determinant of the resulting matrix is zero. This indicates
that the determinant of the Dirac matrix is functionally
dependent on the News tensor, unlike the case in [16].

Although the precise elements of the Dirac matrix can be
computed using these kinematical brackets, these expres-
sions are cumbersome and hence are omitted from this
article. For our purposes here, we merely need to keep

track of whether the element is nonzero or not, on the
1 0
points where AN ,, and N are set to zero. Crucial to our

results will be the vanishing of three kinematical brack-

1 I
ets: [pab’pcd] — [pab’ncd] — [Nab’_/\/‘cd] — 0.20

We begin with [F4?, 7). Notice that every term in JF
(modulo expressions involving the C mode) has an explicit

1
N b in it. Since the only nonvanishing bracket involving

1 1

N @b of the form [p°?, N %], happens to be proportional to
!

N < we deduce that [F¢°, 9] vanishes when the sub-

leading News tensor is set to zero.
The story is similar with [F4?, F$9]: since [p?®, 11°?] and

1 1
[N @ N <d] vanish, the leftover bracket is precisely

! i
[pe?, N ], which is proportional to N ®°. Of the remain-
ing brackets, note that [(Fs),,(Fs),] and [F52, F59]
vanish (modulo terms with the C mode). The brackets

!
[Fab (Fs).] and [F4, (Fs),] are independent of A @ and

o

N. Their precise form will not be required for our argu-
ments. The last brackets are those involving F3 and F,: in

this case, the condition Iif = 0 implies that these constraints
decouple from the rest and the Dirac matrix block diag-
onalizes. The F3,F,4 block is invertible and is functionally
independent of the shear tensor, see Eq. (B16). The
following is a block of the Dirac matrix, formed by
constraints F;, F,, and Fs:

In addition to all the brackets that vapish, we have omitted
any bracket involving the modes C and N. This is because by

virtue of (B12) the only nonzero bracket the soft mode ](<7 has is
o o
the [C, N] bracket. But since in the constraints, C and N always

0
come in pairs, all the brackets involving these vanish when N is
set to zero. Thus we may ignore the terms from the constraints

o

that are bilinear in C, N.
We wish to remind the reader that the vanishing of the

1 1
[NV 9 N <] brackets is the result of a regularization of the
integral [® duu=lim,_q [* duu =0.
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["/,Tl’fl] [fl’fZ] {‘Fh]:g]
[fz’fl] [fQ’fZ] {f27f5]
[Fo. Fil [ Fs. Fal  [Fs. Fs)

Each entry in this 3 x 3 matrix is a 2 x 2 block. In the
1
matrix shown in (B22), ...\ ... denotes terms that are

linear in subleading soft News and vanish when it is set to

o 1
zero. Note that N has already been set to zero. If A/ %0 is
also zero, the top four rows of the Dirac matrix form a set of
4 vectors, each of which is two dimensional. Thus, the
determinant of this matrix must vanish. On the other hand,

one can explicitly check that determinants of matrices with
1
nonzero entries in the locations represented by ...V ... do

not trivially vanish. Thus we conclude that the determinant
of the Dirac matrix is functionally dependent on the Bondi
News tensor, as claimed in Sec. III B.

The aforementioned determinant also happens to be a
differential operator (acting on the Dirac delta function of
$2). Since the inverse matrix involves the inverse of the
determinant, we would expect it to involve Green’s
|

l:Qab (%). ch@)}

*

= _/d221d222[‘hb(2)’pij(zl)]wllij,kl(zlv22)[17”(22)’QCd()A))]

- 1lczb,cd(,\7A)'

Similarly, for T,,, we have

[Tab(-%)f Tcd(j\))jl x ng,cd(fc’ 5))

= —/dzildzﬁz[%b(fc),fij(zl)}wllij,kl(ﬁlv22)[}—]1(1(32)76]cd(5’)}

N N ()
N

(N0 (L)
(...) (.) 0

(B22)

|
function for this operator. The problem of finding this
Green’s function, however, is intractable, as the operator is
dependent on the soft modes means that its coefficients are
arbitrary functions on the celestial sphere. We thus see that,
one cannot solve the Dirac constraints globally on the phase
space and that they can only be solved locally in phase
space (for fixed soft modes). However, this analysis is
outside the scope of the present paper. Though, the
extended covariant phase space of linearized theory that
includes (in addition to the canonical phase space of
linearized gravity) the radiative phase space of leading
and subleading soft modes turns out to be tractable, as
described in Sec. III A.

The entries of the inverse of the Dirac matrix, if it exists,
are precisely the functionals of physical brackets among the
soft sector modes. For instance consider the brackets
[Gap(R), gea(P)],.. (Kinematically, g,, and T, only have
nonzero brackets with p?® and 1% respectively.)

(B23)

(B24)

(B25)

(B26)

Thus, finding the physical brackets is about as hard a problem as solving the set of coupled PDEs coming from the

constraint analysis.

First, let us plug in the variations involving only the shear tensor, which will be useful in computing the HVFs Xy |

and X o

ab

)) = /Idzjiduéz(fc -9) {—0u5(u —u)8(:/q6 b (u,9)) + /q(u — u’)q“mqh”(SNmn]

— 2\/§qmaqnb5Nmn(u/’5C/) _ N“b(u/,fcl)é\/_,

(B27)

1
Q(—,/du’o4> = /dzydu\/c_](/ du’é(u—u’)62(5c—ji)>q“’”qb”6Nm,,
80 qy(u', ') z

= V49" q"" SNy (%').

(B28)
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These are the same as those from [16], with an additional 6,/¢ coming from the extra mode /g that we introduced. The

following are the variations involving the soft modes of the phase space:

Q<_’5H§(§c’)> = —%5{,
Q<_’5KI(Z)7)) :_L (1 - ¥)8(v4DC),

/\/_5Nuh52(x ¥) = \/551(\)764/7(55/)’

DCEN 1,52
/ ’ 5\/q
1 0
+—5H(5c’) + / duc 5N ,;,(%'))
— CO ()N () + 2511( #)+ / dud PN (%),

Note that there are subtleties like the following:

deyA(y) # /dyXA())

/ \/_5Nab 0 acs (% -

(B29)

(B30)

(B31)

%)

(B32)

(B33)

This tells us that we should keep clear of the integrals over variations of the quantities whose HVFs we seek. For instance,

?é fdMXN”b.

Making use of some hindsight, we note that

we shall see that X o
N,

ab

[ 5 [ o o
Q(—,/du’aah();) = /du\/ﬁa“béNab—/du\/c_]N“b56ab+/duNab6“b5\/c_1
56 4, (', %)

=24 / duc “’5N

(B34)

of the News tensor. This is exactly the term that appears XN,
in (B32), and will be useful in writing the kinematical HVF
for the IT mode.

where we used the relation & 5= —6 -, and the falloffs in u 1 ( 1

The kinematical HVFs we need for our Dirac analysis are X, — L (]I , / du/ 0 >
ap,mn )

just linear combinations of the expressions given from (B27)— Nab q
(B34). One exception is the HVF for the shear tensor, which
will eventually be required to compute the brackets amongst S
the components of F3. For this task, we will introduce =
the prescription that this bracket vanishes, similar to the one
in [16]. If we chose a different prescription, only the 1 6
{C, e}, bracket would differ from the one we derive N,
here, as can be deduced from the structure of the Dirac matrix.
Listed below are all the kinematical HVFs for Weyl-
BMS. To avoid cluttering, we omit the spacetime depend-
ence of these quantities:
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X <5 lcab5+1/d”5>

=2l 7—=—-—— — Uy —5— |-

" 54 V4  6C? ' 2/q * 56
(B40)

We now recall the definition for the Poisson brackets:

{f g} = QX,. Xp) = 6f(X,) = X,(f). (B41)
Using the above equation and all the HVFs, one can
readily find all the kinematical brackets, which are listed
in Sec. IV.
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