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• The Weyl BMS group and Einstein’s equations, JHEP 07, 170 (2021), [hep-th/2104.05793];


• Gravity from symmetry: Duality and impulsive waves, JHEP 04, 125 (2022), [hep-th/2109.06342];


• Sub-subleading Soft Graviton Theorem from Asymptotic Einstein’s Equations, JHEP 05, 186 (2022), [hep-th/2111.15607];


• Higher spin dynamics in gravity and w1+∞ celestial symmetries, [hep-th/2112.15573]

Based on work in collaboration with L. Freidel, R. Oliveri, A-M. Raclariu, S. Speziale



In our quest for quantum gravity, an essential task is to reach a proper understanding of the 
degrees of freedom and of the symmetries of gravity associated with local subregions

•  In the bulk: spacetime diffeomorphisms = gauge symmetry 


 -> Gauge redundancies with a vanishing charge which cannot be used to label physical states of QG


•  On the boundary: a subset of transformations become physical symmetries


 -> Non-vanishing charges located on codimension-2 spheres (or corners   ) with a non-trivial algebraS

<latexit sha1_base64="v5W8T1inIqsIgNR7195lc/S7GvI="></latexit>

Goal: New description of quantum geometry by understanding the nature of the universal 
corner symmetry algebra                  of any subregion of space       gS � su(2)
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☞ Organizing principle for understanding quantum gravity  [Laurent’s talk]
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 Loop quantum gravity:


 Local Hilbert space where the states of quantum geometry are labelled by boundary flux charges 
(SU(2) spin quantum numbers at the punctures) [Rovelli, Smolin 1995]; [Ashtekar, Lewandowski 1997]

Discreteness of the area spectrum is the landmark of canonical LQG
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 -> Non-vanishing charges located on codimension-2 spheres (or corners   ) with a non-trivial algebraS
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•  Decompose the bulk of spacetime into a collection of subregions and attach a symmetry algebra to 
the corner of each subregion;


• The corner Hilbert space forms an irreducible representation of the local corner symmetry algebra, 
and choices of states in this corner Hilbert space then encode quantum geometries; 

Space = network of “bubbles”  [Freidel, Livine 2019]


Corner symmetry charges = Coarse-grained information of 
geometrical DOF inside each region it encloses 

Reconciliation between discrete spectrum for the area operator (derived from the continuum theory) 
and manifest Lorentz invariance  [Freidel, Geiller, DP 2020] (see also [Wieland 2017])
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H = SL(2,R)? ⇥ SL(2,R)k ⇥ SL(2,C)
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[Ciambelli, Donnelly, Freidel, Geiller, Leigh, Livine, Moosavian, Oliveri, Perez, DP, Speranza, Speziale]
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Celestial 
sphere

LQGs: SU(2) -> SL(2,C) -> Poincaré

Kac-Moody modes3D Poincaré networks

[Freidel, Livine, DP 2019]
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Outline

1. Gravity from symmetry

• Asymptotic Einstein equations as intertwiners


2. Soft graviton theorems

• Conservation laws for charges of asymptotic symmetries


3. Higher spin dynamics

•  Canonical representation of w1+∞ loop algebra
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Part 1:  Gravity from symmetry
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Bondi-Sachs coordinates xµ = (u, r,�A) :
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Weyl BMS group
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BMSW boundary conditions:

gur = �1 +O(r�2), guA = O(1), guu = O(1), qAB = O(1)
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(ii)

Minkowski spacetimeM,PA, CAB , TAB ! 0 , F ! 1

2
)

<latexit sha1_base64="RNgT8dZA1JFmy0VP7WQoyDxPsCA="></latexit>

Metric coefficients:
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The Bondi gauge conditions:

(i)grr = 0 , grA = 0 , @r
p
� = 0
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guu = �1 +O(r�1), qAB =
�
qAB +O(r�1)
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Original BMS boundary conditions:

[Bondi, van der Burg, Metzner, Sachs 1962]
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Covariant observable for      if:HS
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Celestial 
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Kinematical subgroup
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<latexit sha1_base64="UQr+90j6wiQEsrhrTnwakgTT1Uk="></latexit>

Building on [Ashtekar, Streubel 1981], [Barnich, Troessaert 2010], [Campiglia, Laddha 2014] 


• BMSW group = group of residual diffeos preserving the Bondi gauge-fixing (i) and the boundary conditions (ii):


2-sphere Conformal class and conformal scale allowed to vary [Freidel, Oliveri, DP, Speziale 2021]

(See [Geiller, Zwikel 2022] for further relaxation)
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Building on [Ashtekar, Streubel 1981], [Barnich, Troessaert 2010], [Campiglia, Laddha 2014] 


• BMSW group = group of residual diffeos preserving the Bondi gauge-fixing (i) and the boundary conditions (ii):


2-sphere Conformal class and conformal scale allowed to vary [Freidel, Oliveri, DP, Speziale 2021]

(See [Geiller, Zwikel 2022] for further relaxation)

Corner charges = Covariant observables for the kinematical subgroup

Covariant mass
M := M + 1

8 N AB CAB
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Dual covariant mass [Godazgar, Pope 2019]     

NAB := úCAB
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 Bondi news tensor 

öN AB := N AB ! ! AB
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 Shifted news  Geroch tensor  Covariant current
J A := 1

2 DB öN AB
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Covariant observable öNAB N AB J A M ÷M PA TAB

Dimension-Spin (! , s) (2,2) (3,-2) (3,-1) (3,0) (3,0) (3,1) (3,2)
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Asymptotic Einstein equations can be reconstructed by identifying the combinations of covariant observables 
of the homogeneous subgroup and their derivatives that transform homogeneously under arbitrary BMSW 

m = mA ! A
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Holomorphic frame: with normalization mA ømA = 1
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<latexit sha1_base64="xeeb1xR2a1cwXwjPHCcrBV/1BB4="></latexit>

! AB = ! i (mA ømB ! mB ømA )

<latexit sha1_base64="85v2nNSyki2lHBONC9RVSUFkb78="></latexit>

By assigning helicity +1 to mA
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we can convert spin-s tensors into scalars of a given helicity:

Os = OA 1 áááA s mA 1 á á ámA s , O! s = OA 1 áááA s ømA 1 á á áømA s
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and
D = mA DA ,
øD = ømA D A

<latexit sha1_base64="uIx6ShLEFgg7aNQAV/OfJhGnvPE="></latexit>

9

• Gravity from symmetry [Freidel, DP 2021]



Asymptotic Einstein equations can be reconstructed by identifying the combinations of covariant observables 
of the homogeneous subgroup and their derivatives that transform homogeneously under arbitrary BMSW 

m = mA ! A

<latexit sha1_base64="YN69qhglEJ+YOHhG/P8XFjeYIis="></latexit>

Holomorphic frame: with normalization mA ømA = 1

<latexit sha1_base64="7qnNSObK7Ime+qAJWZqxlTBaNNo="></latexit>

Sphere metric: sphere volume form:qAB = ( mA ømB + mB ømA ) ,

<latexit sha1_base64="xeeb1xR2a1cwXwjPHCcrBV/1BB4="></latexit>

! AB = ! i (mA ømB ! mB ømA )

<latexit sha1_base64="85v2nNSyki2lHBONC9RVSUFkb78="></latexit>

By assigning helicity +1 to mA

<latexit sha1_base64="fOkSrm74Nyqaw56RxtWlYvp7dcg="></latexit>

and -1 to ømA ,

<latexit sha1_base64="rUbVFUz3BEEr0yH7zZW1Cmu9kmw="></latexit>

we can convert spin-s tensors into scalars of a given helicity:

Os = OA 1 áááA s mA 1 á á ámA s , O! s = OA 1 áááA s ømA 1 á á áømA s

<latexit sha1_base64="k6hmhuCQwqW5qMei1iCNAjVyL7w="></latexit>

with O! s = øOs

<latexit sha1_base64="8xXn6NmmPmsxlxweoRYzIX0rwVw="></latexit>

and
D = mA DA ,
øD = ømA D A

<latexit sha1_base64="uIx6ShLEFgg7aNQAV/OfJhGnvPE="></latexit>

9

• Gravity from symmetry [Freidel, DP 2021]

Evolution Eq.s = Covariant observables for the full BMSW

* Equivalent to the Bianchi identities in the NP formalism [Newman, Penrose 1962]

☞

úJ = 1
2 DN ,

úM C = DJ + 1
4 CN ,

úP = DM C + CJ ,
úT = DP + 3

2 CM C
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Bondi mass loss formula



Part 2:  Soft graviton theorems
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Asymptotic conditions and renormalization

Q! 2 :=
N
2

, Q! 1 := J , Q0 := M C, Q1 := P, Q2 := T
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EEs: úQs = DQs! 1 +
(1 + s)

2
CQs! 2 , s = ! 1, 0, 1, 2
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This allows us to define the charge aspects as integrals over their flux:

Qs(u, z) =
! u

+ !
du" úQs(u", z)
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Linear in        fieldsC, øC

<latexit sha1_base64="+/WBODFAQ9x52FgPMaUtNM8XNI0="></latexit>

Higher orders
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Renormalized charges: q0 := lim
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radiative vacuum

non-radiative 
corner phase space

In order to integrate the recursion relation, we need to assume that 

öN = O(|u|! ! ) , ! > 3 ! lim
u" + #

Qs(u, z) = 0
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Charge action

Radiative phase space [Ashtekar, Streubel 1981]: { N (u, z), C(u!, z!)} =
!
2

" (u ! u!)" (z, z!)
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Use basic bracket of the radiative phase space at null infinity to compute the symmetry action on    :C
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Generators of

[Campiglia, Laddha 2014];

[Miguel’s talk]
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pseudo-vector field
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2
3

uDZD +
u2

6
D 2Z " u

<latexit sha1_base64="TQEg5rnYnaW/Wvl4xyWLwocMY+o="></latexit>

! Z C = { Q(Z ), C} = á á á

<latexit sha1_base64="u2P+sH81DT7pGDh0VPQ6US6+Ysw="></latexit>

!

<latexit sha1_base64="UUdmt+MHd7v98pLdV4KY8Or3deg="></latexit>

!

<latexit sha1_base64="UUdmt+MHd7v98pLdV4KY8Or3deg="></latexit>

• Spin-2 charge: [Freidel, DP, Raclariu 2021-I]Q(Z ) :=
!
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Z (z)q2(z)
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New non-local (phase space) symmetry action



Infinite number of Conservation laws  =  Symmetries of the S-matrix

qs(z)|I +
!

= qs(! (z)) |I !
+
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antipodal match

!out| qs(z)|I +
!

S " S qs(! (z)) |I !
+
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In order to have a well defined scattering problem in GR [Strominger 2013] :

Soft factors: Leading Subleading Sub-subleading
[Cachazo, Strominger 2014][Weinberg 1965]

! ! 0 :

<latexit sha1_base64="afrmRtK341HUGZgPEidp24yVETo="></latexit>

In the limit !out|a± (! öx)S|in" =
!

S(0)
± + S(1)

± + S(2)
±

"
!out|S|in" + O(! 2)

<latexit sha1_base64="UG1Yowx49WOXHkBA3E7GO27HWPo="></latexit>

14

Large-   mode expansion of     nearC
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Universal behaviour of scattering amplitudes (at tree level) [Miguel’s talk]
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Truncated  Ward identities:
☞

Leading, subleading, sub-subleading soft th.s
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[Strominger 2014]; [Kapec, Lysov, Pasterski, Strominger 2014]; [Campiglia, Laddha 2014]; [Freidel, DP, Raclariu 2021-I] 

Asymptotic Einstein’s eq.s              Ward identities!"
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Asymptotic dynamics as charge conservation eq.s

Large-   mode expansion of     nearC
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Universal behaviour of scattering amplitudes (at tree level) [Miguel’s talk]



Recap of parts 1 & 2

Symmetry principle as a powerful organizing tool: existence of a spin-2 charge

Clear connection between the spin-2 conservation equation and the SSL soft theorem

Unlike the spin-0 and -1 symmetries responsible for the leading and subleading soft theorems,  
the spin-2 symmetry is not simply an asymptotic diffeomorphism:


Non-local transformation represented by a pseudo-vector field acting on scri

Spin-2 charge as one of the canonical generators for a bigger symmetry algebra that 
can be represented in the gravitational phase space?

Are there physical observables associated to these new charges?

15

Classical GR at null infinity Tree-level Feynman diagrams!"
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Quantum asymptotic Einstein’s eq.s from quantization of the symmetry charge bracket

!  Application to non-perturbative derivation of scattering amplitudes [Abhay’s talk]



Part 3:   Higher spin dynamics

16



Weyl scalars
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Completing the null frame with the fields:
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Asymptotic expansions around future null infinity:

Outgoing radiation at I +

<latexit sha1_base64="64RlMtahfCcloWxLp4XdkcvmgsU="></latexit>

Incoming radiation
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! 2! s =
1

r 3+ s Qs + á á á
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for s = ! 2, ! 1, 0, 1, 2
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• Spacetime interpretation: Covariant observables = Asymptotic Weyl scalars
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 Higher spin charges [Freidel, DP, Raclariu 2021-II] :

such that: úQs = DQs! 1 +
(1 + s)

2
CQs! 2
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The higher spin charges are associated to the remaining free data at      and encoded in the expansion modes of I +
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0 + c .c. + á á á
%

<latexit sha1_base64="acxDu4ZYCjCXI3EDVti20m2yuy8="></latexit>

NP charges [Newman, Penrose 1968]
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 Higher spin charges [Freidel, DP, Raclariu 2021-II] :

Evidence:

ii) Satisfied for all spin-s at linearized order from Bianchi identities of NP formalism [Newman, Penrose 1968]

i) Explicitly verified to all orders up to s = 3
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iv) Direct evidence that these charges form a canonical representation of a           loop algebra 
on the gravitational phase space from the linearized contribution to the charge bracket 
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Higher spin charges

Renormalized higher spin generators 
with    oscillators:k
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Higher spin charge aspects:
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<latexit sha1_base64="PnpMSWARVH+6eeoOLAox2Fh2/CU="></latexit>

Neg. helicity (sub)s-leading soft graviton operator

(or higher spin memory observables)

Ward identities for higher spin charges qs
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Tower of tree-level soft graviton theorems

19

Action of the quadratic spin-s charge on the gravitational phase space: { q2
s (z), C(u!, z!)}
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Qs(! ) :=
8
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!

S
d2z
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q! s(z)qs(z)
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Linearized charge bracket

{ Qs(! ), Qs! (! !)} 1 = { Q2
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Action of the quadratic spin-s charge on the gravitational phase space: { q2
s (z), C(u!, z!)}
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[Freidel, DP, Raclariu 2021-II] w1+ !
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loop algebra



Gravitational wave (displacement) memory 

[Zel’dovich, Polnarev 1974]; [Braginsky, Thorne 1987]; [Christodoulou 1991]: 


Change in displacement of initially comoving observers ! , ø!

<latexit sha1_base64="d1IKoi7hwugC6z6QGkL11HIpf3A="></latexit>

! ! ! !
! !

R!
µ "# ú" µ ú" # ! "

<latexit sha1_base64="4NcChJm/uv9NnEE12Whh+pmF6Pk="></latexit>
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(flux of gravitational waves)

20

Higher spin memory observables

For spin-1 memory see [Pasterski, Strominger, Zhiboedov 2016]; [Nichols 2018]
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D 2 öN (u!)
" #$ %

N 0 =spin " 0 memory obs .
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integral of ßux
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(flux of gravitational waves)

Allowing for initial relative velocity and acceleration(s): Higher spin-memory obs 

[Grant, Nichols 2019]Curve deviation (generalization of displacement memory) 
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where

Gravitational memory effects are now being implemented in numerical relativity waveforms 
for binary black hole mergers [Khera, Krishnan, Ashtekar, De Lorenzo 2020]; [Mitman et al. 2020]
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Higher spin memory observables

For spin-1 memory see [Pasterski, Strominger, Zhiboedov 2016]; [Nichols 2018]
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Outlook

To linear order the          loop algebra has a canonical realisation in the gravitational phase space 
in terms of the Poisson bracket of the higher spin charges
w1+ !
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The relevance of the recursion relation in encoding the expression of the vacuum EEs at subleading orders 
in a large-r expansion needs to be firmly established in the case s>3

Does the           structure survives at quadratic order in the bracket and 
the inclusion of the the mixed helicity sector?

w1+ !
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úQs = DQs! 1 +
(1 + s)

2
CQs! 2
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for s ! " 1
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We have proposed a set of evolution equations for higher spin-s charges expressed as the recursion relations:

New non-local symmetries associated to pseudo-vector fields

How much of the radiation signal can be reconstructed from these higher spin charges?


Exciting recent results relating celestial charges to canonical multipole moments of the 
linearized gravitational field in the bulk parametrizing a generic post-Minkowskian metric 

without incoming radiation [Compere, Oliveri, Seraj 2022]
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(outgoing) graviton momentumq = ! öx :
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µ ! ±
! :

<latexit sha1_base64="m/oN4FCf0nIJ2qQRoyVdeezpTPk="></latexit>

Flat retarded coordinates on the plane

Universal behaviour of scattering amplitudes
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Radiative data bracket -> Standard commutator for the modes : 
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[He, Lysov, Mitra, Strominger 2014]

Soft factors:
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Leading

Subleading

Sub-subleading

[Cachazo, Strominger 2014]
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Celestial Holography

=


reformulation of the gravitational scattering problem 
in a basis of asymptotic boost eigenstates

 [Pasterski, Shao, Strominger 2017]

O!
! ! "

! (" " 1)
2

! + "

!"
du u! ! +1 öN (u, z)

<latexit sha1_base64="yMCVZ79v6PJMUdxD+PWt+Hq9gQE="></latexit>

Conformal primary boost eigenstates

Lorentzian CCFT with global conformal group SL(2, R)R ! SL(2, R)L
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Celestial OPE of two gravitons in the antiholomorphic collinear limit

[Fan, Fotopoulos, Taylor 2019]; [Pate, Raclariu, Strominger, Yuan 2019]
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Infinite tower of soft theorems governed by a           structurew1+ !
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 [Guevara, Himwich, Pate, Strominger 2021]; [Strominger 2021]☞

I+

<latexit sha1_base64="SedHJT4zIgOznf/DPo6oQr6+ZwM="></latexit>

I�

<latexit sha1_base64="rU4W/RPpDHzG3T5tjlKCpcz2mQM="></latexit>

i0

<latexit sha1_base64="4pNUp+g6wk8QoN6H1nWDwAUXWN8="></latexit>

pin
3

<latexit sha1_base64="GiGkQ+1oN0X3kfbmOzOSD6jVWZw="></latexit>

pout
1

<latexit sha1_base64="EpaEAK8YkkEHWFPbD0jRVyZ9Z2E="></latexit>

pout
2

<latexit sha1_base64="5VydVZRg8hHIWCPgnGpoGOndoZ8="></latexit>

=

<latexit sha1_base64="qLJmNytM3JddEp1AjmtppxyKwow="></latexit>

pout
1

<latexit sha1_base64="EpaEAK8YkkEHWFPbD0jRVyZ9Z2E="></latexit>

X

X

pout
2

<latexit sha1_base64="5VydVZRg8hHIWCPgnGpoGOndoZ8="></latexit>

pin
3

<latexit sha1_base64="GiGkQ+1oN0X3kfbmOzOSD6jVWZw="></latexit>

pin
1

<latexit sha1_base64="B3s0mQRv/lkcwbC9DikUTkTUJrU="></latexit>

pin
2

<latexit sha1_base64="/Fa3p9HeZ3bL8Dm1pS5NAfv6GjM="></latexit>

pin
1

<latexit sha1_base64="B3s0mQRv/lkcwbC9DikUTkTUJrU="></latexit>

pin
2

<latexit sha1_base64="/Fa3p9HeZ3bL8Dm1pS5NAfv6GjM="></latexit>



Higher spin charges

Renormalized higher spin generators with    oscillators:k
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Higher spin charge aspects:

q1
s (z) = D s+2 Ns(z) ,
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Neg. helicity (sub)s-leading soft graviton operator

Ward identities for higher spin charges qs
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Tower of tree-level conformally soft graviton theorems

Action of the quadratic spin-s charge on the gravitational phase space:

[Freidel, DP, Raclariu 2021-II] 

{ q2
s (z), C(u!, z!)} =

! 2

8s!

s!

n =0

(! 1)s+ n (n + 1)( u!" u ! + 3) s" n (s)n " 1" s
u ! D n

z! C(u!, z!)D s" n
z #(z, z!)

<latexit sha1_base64="X/x7Isx/REs0qqPH7zz7W9ee4y8="></latexit>

24

úQs = DQs! 1 +
(1 + s)

2
CQs! 2

<latexit sha1_base64="u5sBeBBH8SV672fniA89eZ6hGcc="></latexit>

Celestial Holography !

<latexit sha1_base64="WUqLzmTZU7gAZTFOmOcQuUJmKZU="></latexit>



structurew1+ !
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Canonical derivation on GR phase space:     
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with

[Freidel, DP, Raclariu 2021-II] w1+ !
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loop algebra
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Linearized charge bracket

{ Qs(! ), Qs! (! !)} 1 = { Q2
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s! (! !)} + { Q1
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s! (! !)}
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[Guevara, Himwich, Pate, Strominger 2021]; [Strominger 2021]


