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ds2 = −du2 − 2dudr + r2qabdx
adxb +O(r−1)
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• Consider Minkowski in null coordinates

ds2 = −du2 − 2dudr + r2qabdx
adxb +O(r−1)

• The spacetime as 5 boundaries = i0 ∪ i+ ∪ i− ∪ I− ∪ I+

• Future null infinity I+ is the ideal region where to read off gravitational radiation
[Ashtekar, Bondi, Geroch, Hansen, Metzner, Newman, Penrose, Sachs, Trautman, van der Burg]
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• Radiative asymptotically-flat spacetimes have very interesting properties

- memory effects
[Marc Favata]

What is the gravitational-wave memory? 
example: nonlinear memory from binary black-hole mergers 

The	wave	no	longer	returns	to	the	zero-point	of	its	oscilla>on.	
This	growing-offset	is	called	the	memory.	

Gravita+onal-wave	signal	vs.	+me	
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• Radiative asymptotically-flat spacetimes have very interesting properties

- memory effects [Blanchet, Christodoulou, Damour, Polnarev, Thorne, Zel’dovich]

- ∞-dimensional asymptotic symmetries [Bondi, Metzner, Sachs, van der Burg]
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IR physics

• All these aspects are connected through the so-called infrared triangle [Strominger et al.]
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• This underlies the hope for building flat space holography
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• Near I+ it is very convenient to use the Bondi gauge

ds2 =

(
−1 +

M(u, xa)

r
+ . . .

)
du2− (2+ . . . )dudr+

(
Pa(u, xa)

r
+ . . .

)
du dxa+ gabdx

adxb

gab = r2qab

fixed

+ r Cab

shear

+ Dab

log

+
1

r
E1

ab +O(r−2)

incoming radiation

• 2 types of data: Cab free on I+ and ∞-amount of data (M,Pa, E1
ab, . . .) satisfying EOMs

• These flux balance laws are e.g. the famous Bondi mass loss Ṁ = −ĊabĊ
ab

+DaDbĊ
ab
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ab

+DaDbĊ
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incoming radiation• Some features are specific to the case Λ = 0 and still poorly understood

- the role of log terms and whether I+ is smooth [Bieri, Blanchet, Christodoulou, Chrusciel,
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incoming radiation• Some features are specific to the case Λ = 0 and still poorly understood

- the role of log terms and whether I+ is smooth

- the structure of the infinite tower of evolution equations for the data on I+
0



Asymptotically-flat spacetimes
<latexit sha1_base64="z1fAq0VgZM8Mx3TDX8hkNKjUStw="></latexit>

I+

<latexit sha1_base64="giHTZH18ylQjAe8Kdz2WXd/iiVk="></latexit>harmonic

<latexit sha1_base64="QtjvhGuq9CFKTMWVSOwbmq5fe04="></latexit>Bondi–Sachs
<latexit sha1_base64="Ozjo6weZyz4bR4U/+3DWhTJ536w="></latexit>or

<latexit sha1_base64="Tp3bJSskyR2R643SVh/Ob12/+jI="></latexit>Newman–Unti
<latexit sha1_base64="y2lgsC3h3lEO04wRsIWrcIeS9eM="></latexit>Newman–Penrose

• Depending on the question and the region, different gauges and formalisms are useful

• The translation between gauges and formalisms is very subtle
• The NP formalism allows to neatly repackage the Bondi asymptotic Einstein equations

[Barnich, Mao, Ruzziconi] [Freidel, Pranzetti, Raclariu] [MG]
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Newman–Penrose formalism

Weyl scalars
• In terms of helicity-weighted scalars and assuming peeling at I+, the free and initial data is

Ψ0 =
Q2

r5
+O(r−6)− ð̄Q3

r6
+

ð̄2Q4

r7

Ψ1 =
Q1

r4
+O(r−5)− ð̄Q2

r5

Ψ2 =
Q0

r3
+O(r−4)− ð̄Q1

r4

Ψ3 =
Q−1

r2
+O(r−3)− ð̄Q0

r3

Ψ4 =
Q−2

r1
+O(r−2)− ð̄Q−1

r2

• In terms of the previous Bondi data we have Qs≥2(E
s−1
ab , Cab)

Q−2(C̈ab) Q−1(Ċab) Q0(M,Cab) Q1(Pa, Cab) Q2(E
1
ab, Cab)
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• Q0 and Q1 are the leading BMS4 charges (essentially mass and angular momentum)

• Q0 ∼ M + iM̃ with the dual mass M̃ related to the gyroscopic memory effect [Oblak, Seraj]

• Qs≥2 = Newman–Penrose charges [Newman, Penrose]

Qs≥2 = subleading BMS charges [Godazgar, Godazgar, Long] [MG]

Qs≥2 = canonical multipole moments [Compère, Oliveri, Seraj]
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ab

Q̇s = ðQs−1 − (s+ 1)σQs−2 − 1 ≤ s ≤ 3

• This structure can be recovered from symmetry considerations [Freidel, Pranzetti] [MG, Zwikel]

- the Qs are primaries under the conformal and Diff(S2) parts of BMS4

- the EOMs are primaries under the time evolution (supertranslations)
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• Up to many subtleties, these EOMs are the subs-leading soft graviton theorems
[Lysov, Pasterski, Strominger] [Campiglia, Laddha] [Freidel, Pranzetti, Raclariu]
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• In linearized gravity, these EOMs immediately give ∀s ∞-many conserved quantities



Newman–Penrose formalism

Weyl scalars
• In terms of helicity-weighted scalars and assuming peeling at I+, the free and initial data is

Ψ0 =
Q2

r5
− ð̄Q3

r6
+

ð̄2Q4

r7
+O(r−8)

Ψ1 =
Q1

r4
− ð̄Q2

r5
+O(r−6)

Ψ2 =
Q0

r3
− ð̄Q1

r4
+O(r−5)

Ψ3 =
Q−1

r2
− ð̄Q0

r3
+O(r−4)

Ψ4 =
Q−2

r1
− ð̄Q−1

r2
+O(r−3)

• Introducing σ = Cabm
amb, the asymptotic Einstein equations at O(r−3) are Qs≥2(E

s−1
ab

Q̇s = ðQs−1 − (s+ 1)σQs−2 − 1 ≤ s ≤ 3

• In the non-linear theory, truncating the EOMs to this form ∀s leads to a w1+∞ loop algebra
[Adamo, Ball, Freidel, Guevara, Mason, Narayanan, Pranzetti, Raclariu, Salzer, Sharma, Strominger, . . . ]

{
Qs1 (τ1), Qs2 (τ2)

}
= Qs1+s2−1

[
(s2 + 1)τ2Dτ1 − (s1 + 1)τ1Dτ2

]
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• Simple proof: the w1+∞ transformation laws are consistent with the truncated EOMs [MG]

• A conjecture is that this describes the single helicity / self-dual sector of gravity [wip]
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Perspectives

Holography
• What are the types of holography?

- dS: spacelike boundary, potential radiation, link with cosmological memories

- AdS: timelike boundary, rigid boundary condition, no outgoing radiation, unitary by design

- flat: null boundary, open system with energy loss via radiation, relation with S-matrix

- local: finite boundary of causal diamond, no boundary conditions [Freidel, MG, Wieland]Holographies
There are several notions of Holographies

• AdS/CFT Holography:  In this holography the boundary is asymptotic 
and timelike. It is rigidly defined by a boundary condition. It does not 
allow outgoing radiation= The system is closed and unitary by design.

• Celestial Holography:  The boundary is  asymptotic and null. It is 
less rigidly defined by a fall-off conditions. It does allow radiation= 
The system is open and allows energy loss.

   It connects to gravitational wave detection and S-matrix observables

• Local Holography:  Holography associated with local causal 
diamonds. It requires the choice of a Cauchy domain attach to a 
finite corner. Does not require any boundary condition.

• Each Holography is associated with a symmetry group: 
Conformal,  Generalized-BMS symmetry, or Corner symmetry
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⇠ = ⇠aGa
b✏b. (4.12)

The Noether current associated with the Lagrangian L is

JL
⇠ := I�⇠✓L � ◆⇠L. (4.13)

And it is given on shell by a pure corner term

JL
⇠ = CL

⇠ + dqL
⇠ (4.14)

Example in gravity
qEH
⇠ := 1
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r[a⇠b]✏ab (4.15)

This means that for ⇠ = @t the Hamiltonian is a corner term
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The Third Noether Law is that the Noether charge is canonical in the absence of flux:
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Holographies
There are several notions of Holographies

• AdS/CFT Holography:  In this holography the boundary is asymptotic 
and timelike. It is rigidly defined by a boundary condition. It does not 
allow outgoing radiation= The system is closed and unitary by design.

• Celestial Holography:  The boundary is  asymptotic and null. It is 
less rigidly defined by a fall-off conditions. It does allow radiation= 
The system is open and allows energy loss.

   It connects to gravitational wave detection and S-matrix observables

• Local Holography:  Holography associated with local causal 
diamonds. It requires the choice of a Cauchy domain attach to a 
finite corner. Does not require any boundary condition.

• Each Holography is associated with a symmetry group: 
Conformal,  Generalized-BMS symmetry, or Corner symmetry
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Summary 

U⌃ ⇢ H⌃ (3.57)

E
S
= 'J'�1 (3.58)

JL = 'LRJR'
�1
LR (3.59)

GS = Di↵(S) n Maps(S, G) G = SL(2, R)? ⇥ SL(2, R)k ⇥ SL(2, C) (3.60)

ds2 = hijdxidxj + qab(d✓
A � NA

i dxi)(d✓B � NB
j dxj) (3.61)

= eI ^ eJ (3.62)

AA = qAB(@0N
B
1 � @1N

B
0 + [N0, N1]

B) (3.63)

p
q S S0 S” (3.64)

in GS (3.65)

A ! 1 (3.66)

p
q = � Cdiscrete

slk(2,R) (3.67)

4 Quantum gravity at the corner

⌃ S (4.1)
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• For Einstein-Hilbert gravity we have

holds.?? In practice the proofs of these theorems contains three steps: Given a set of fields
�i(x) and a Lagrangian L(�i). The sets of fields can be viewed as sections of a bundle
P ! M over spacetime. The Lagrangian variation determines the equations of motions
Ei = 0 modulo a boundary term

Ei��
i = d✓ � �L (3.1)

✓ is a variational one-form and a codimension one spectre form, which is the symplectic
potential current. Its variation determines the symplectic potential two form given by ! :=
�✓. This symplectic form satisfies the conservation law

d! = �Ei ^ ��i, (3.2)

which means that it is conserved on-shell. The first Noether theorem follows from the
invariant of the Lagrangian under symmetry. An infinitesimal symmetry transformation is
vector filed of the bundle a Given a infinitesimal transformation ⇠̂ of the Bundle P one has
that

�⇠L = d◆⇠L (3.3)

Ei�⇠�
i = dJ⇠, J⇠ = ✓(�⇠�) � ◆⇠L. (3.4)

dJ⇠=̂0 (3.5)

The second part of the Noether theorem follows from the fact that if the symmetry group is
local, that is the symmetry parameters ⇠ form an infinite dimensional Lie algebra labels by
n functions then the Equations of motions satisfies n Bianchi identities. In other words one
has necessarily that

Ei�⇠�
i = dC⇠ C⇠=̂0 (3.6)

taking the di↵erence means that
d(J⇠ � C⇠) = 0 (3.7)

This means that the Noether charges such as the energy, angular momenta etc... associated
with a space region ⌃ only depends on is boundary S = @⌃

H⇠ =

Z

⌃

C⇠ +

Z

@⌃

q⇠. H⇠=̂

Z

@⌃

q⇠ (3.8)

In Gravity

C⇠ = ⇠µ

✓
1

8⇡G
Gµ

⌫ � Tµ
⌫

◆
✏⌫ , q⇠ =

1

8⇡G
rµ⇠⌫✏µ⌫ (3.9)

⌃̄
L⇠⌦ = �F⇠ L⇠H = F⇠(� g) (3.10)

TrH⌃̄
(|0ih0|) = e2⇡HBoost (3.11)

A localized matter excitation
O�(x) = ei��(x) Õ� (3.12)

8⇡GE =

Z
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(r2@rgtt), [E, Õ�(x)] = @tÕ� 6= 0 (3.13)

HS = L2(GS) (3.14)
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codim1,2 volume forms

Universal quasi-local formula 
encompassing the energy of 
matter coupled to gravity
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Σ

• Given a region R with slice  the symmetry charges are supported on 
codimension 2 corners      = entangling sphere

Σ

• Local symmetries allows us to encapsulate the geometry of spacetime regions 
into corner symmetry charge

Representing the Corner charge algebra = Quantization of geometry

• The dynamics is encoded into flux-balance laws for these charges

Representing the Extended charge algebra  = Quantization of dynamics 

• At the quantum level the project is that
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Surprises in asymptotically-flat spacetimes
• Many open questions left: role of log terms, asymptotic symmetry algebra with flux, . . .
• Using the NP formalism, one can rearrange the Bondi data to find a tower of flux balance laws
• This reveals a symmetry connecting subs soft theorems, multipoles, and non-local symmetries



Perspectives

Holography
• What are the types of holography?

- dS: spacelike boundary, potential radiation, link with cosmological memories

- AdS: timelike boundary, rigid boundary condition, no outgoing radiation, unitary by design

- flat: null boundary, open system with energy loss via radiation, relation with S-matrix

- local: finite boundary of causal diamond, no boundary conditions [Freidel, MG, Wieland]Holographies
There are several notions of Holographies

• AdS/CFT Holography:  In this holography the boundary is asymptotic 
and timelike. It is rigidly defined by a boundary condition. It does not 
allow outgoing radiation= The system is closed and unitary by design.

• Celestial Holography:  The boundary is  asymptotic and null. It is 
less rigidly defined by a fall-off conditions. It does allow radiation= 
The system is open and allows energy loss.

   It connects to gravitational wave detection and S-matrix observables

• Local Holography:  Holography associated with local causal 
diamonds. It requires the choice of a Cauchy domain attach to a 
finite corner. Does not require any boundary condition.

• Each Holography is associated with a symmetry group: 
Conformal,  Generalized-BMS symmetry, or Corner symmetry
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Holographies
There are several notions of Holographies

• AdS/CFT Holography:  In this holography the boundary is asymptotic 
and timelike. It is rigidly defined by a boundary condition. It does not 
allow outgoing radiation= The system is closed and unitary by design.

• Celestial Holography:  The boundary is  asymptotic and null. It is 
less rigidly defined by a fall-off conditions. It does allow radiation= 
The system is open and allows energy loss.

   It connects to gravitational wave detection and S-matrix observables

• Local Holography:  Holography associated with local causal 
diamonds. It requires the choice of a Cauchy domain attach to a 
finite corner. Does not require any boundary condition.

• Each Holography is associated with a symmetry group: 
Conformal,  Generalized-BMS symmetry, or Corner symmetry
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Summary 

U⌃ ⇢ H⌃ (3.57)

E
S
= 'J'�1 (3.58)

JL = 'LRJR'
�1
LR (3.59)

GS = Di↵(S) n Maps(S, G) G = SL(2, R)? ⇥ SL(2, R)k ⇥ SL(2, C) (3.60)

ds2 = hijdxidxj + qab(d✓
A � NA

i dxi)(d✓B � NB
j dxj) (3.61)

= eI ^ eJ (3.62)

AA = qAB(@0N
B
1 � @1N

B
0 + [N0, N1]

B) (3.63)

p
q S S0 S” (3.64)

in GS (3.65)

A ! 1 (3.66)

p
q = � Cdiscrete

slk(2,R) (3.67)

4 Quantum gravity at the corner

⌃ S (4.1)
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• For Einstein-Hilbert gravity we have

holds.?? In practice the proofs of these theorems contains three steps: Given a set of fields
�i(x) and a Lagrangian L(�i). The sets of fields can be viewed as sections of a bundle
P ! M over spacetime. The Lagrangian variation determines the equations of motions
Ei = 0 modulo a boundary term

Ei��
i = d✓ � �L (3.1)

✓ is a variational one-form and a codimension one spectre form, which is the symplectic
potential current. Its variation determines the symplectic potential two form given by ! :=
�✓. This symplectic form satisfies the conservation law

d! = �Ei ^ ��i, (3.2)

which means that it is conserved on-shell. The first Noether theorem follows from the
invariant of the Lagrangian under symmetry. An infinitesimal symmetry transformation is
vector filed of the bundle a Given a infinitesimal transformation ⇠̂ of the Bundle P one has
that

�⇠L = d◆⇠L (3.3)

Ei�⇠�
i = dJ⇠, J⇠ = ✓(�⇠�) � ◆⇠L. (3.4)

dJ⇠=̂0 (3.5)

The second part of the Noether theorem follows from the fact that if the symmetry group is
local, that is the symmetry parameters ⇠ form an infinite dimensional Lie algebra labels by
n functions then the Equations of motions satisfies n Bianchi identities. In other words one
has necessarily that

Ei�⇠�
i = dC⇠ C⇠=̂0 (3.6)

taking the di↵erence means that
d(J⇠ � C⇠) = 0 (3.7)

This means that the Noether charges such as the energy, angular momenta etc... associated
with a space region ⌃ only depends on is boundary S = @⌃

H⇠ =

Z

⌃

C⇠ +

Z

@⌃

q⇠. H⇠=̂

Z

@⌃

q⇠ (3.8)

In Gravity
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◆
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⌃̄
L⇠⌦ = �F⇠ L⇠H = F⇠(� g) (3.10)

TrH⌃̄
(|0ih0|) = e2⇡HBoost (3.11)

A localized matter excitation
O�(x) = ei��(x) Õ� (3.12)

8⇡GE =

Z

S

(r2@rgtt), [E, Õ�(x)] = @tÕ� 6= 0 (3.13)

HS = L2(GS) (3.14)

3

holds.?? In practice the proofs of these theorems contains three steps: Given a set of fields
�i(x) and a Lagrangian L(�i). The sets of fields can be viewed as sections of a bundle
P ! M over spacetime. The Lagrangian variation determines the equations of motions
Ei = 0 modulo a boundary term

Ei��
i = d✓ � �L (3.1)

✓ is a variational one-form and a codimension one spectre form, which is the symplectic
potential current. Its variation determines the symplectic potential two form given by ! :=
�✓. This symplectic form satisfies the conservation law

d! = �Ei ^ ��i, (3.2)

which means that it is conserved on-shell. The first Noether theorem follows from the
invariant of the Lagrangian under symmetry. An infinitesimal symmetry transformation is
vector filed of the bundle a Given a infinitesimal transformation ⇠̂ of the Bundle P one has
that

�⇠L = d◆⇠L (3.3)

Ei�⇠�
i = dJ⇠, J⇠ = ✓(�⇠�) � ◆⇠L. (3.4)

dJ⇠=̂0 (3.5)

The second part of the Noether theorem follows from the fact that if the symmetry group is
local, that is the symmetry parameters ⇠ form an infinite dimensional Lie algebra labels by
n functions then the Equations of motions satisfies n Bianchi identities. In other words one
has necessarily that

Ei�⇠�
i = dC⇠ C⇠=̂0 (3.6)

taking the di↵erence means that
d(J⇠ � C⇠) = 0 (3.7)

This means that the Noether charges such as the energy, angular momenta etc... associated
with a space region ⌃ only depends on is boundary S = @⌃

H⇠ =

Z

⌃

C⇠ +

Z

@⌃

q⇠. H⇠=̂

Z

@⌃

q⇠ (3.8)

In Gravity

C⇠ = ⇠µ

✓
1

8⇡G
Gµ

⌫ � Tµ
⌫

◆
✏⌫ , q⇠ =

1

8⇡G
rµ⇠⌫✏µ⌫ (3.9)

⌃̄
L⇠⌦ = �F⇠ L⇠H = F⇠(� g) (3.10)

TrH⌃̄
(|0ih0|) = e2⇡HBoost (3.11)

A localized matter excitation
O�(x) = ei��(x) Õ� (3.12)
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codim1,2 volume forms

Universal quasi-local formula 
encompassing the energy of 
matter coupled to gravity
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Σ

• Given a region R with slice  the symmetry charges are supported on 
codimension 2 corners      = entangling sphere

Σ

• Local symmetries allows us to encapsulate the geometry of spacetime regions 
into corner symmetry charge

Representing the Corner charge algebra = Quantization of geometry

• The dynamics is encoded into flux-balance laws for these charges

Representing the Extended charge algebra  = Quantization of dynamics 

• At the quantum level the project is that
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Surprises in asymptotically-flat spacetimes
• Many open questions left: role of log terms, asymptotic symmetry algebra with flux, . . .
• Using the NP formalism, one can rearrange the Bondi data to find a tower of flux balance laws
• This reveals a symmetry connecting subs soft theorems, multipoles, and non-local symmetries



Perspectives

Holography
• What are the types of holography?

- dS: spacelike boundary, potential radiation, link with cosmological memories

- AdS: timelike boundary, rigid boundary condition, no outgoing radiation, unitary by design

- flat: null boundary, open system with energy loss via radiation, relation with S-matrix

- local: finite boundary of causal diamond, no boundary conditions [Freidel, MG, Wieland]Holographies
There are several notions of Holographies

• AdS/CFT Holography:  In this holography the boundary is asymptotic 
and timelike. It is rigidly defined by a boundary condition. It does not 
allow outgoing radiation= The system is closed and unitary by design.

• Celestial Holography:  The boundary is  asymptotic and null. It is 
less rigidly defined by a fall-off conditions. It does allow radiation= 
The system is open and allows energy loss.

   It connects to gravitational wave detection and S-matrix observables

• Local Holography:  Holography associated with local causal 
diamonds. It requires the choice of a Cauchy domain attach to a 
finite corner. Does not require any boundary condition.

• Each Holography is associated with a symmetry group: 
Conformal,  Generalized-BMS symmetry, or Corner symmetry
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Holographies
There are several notions of Holographies

• AdS/CFT Holography:  In this holography the boundary is asymptotic 
and timelike. It is rigidly defined by a boundary condition. It does not 
allow outgoing radiation= The system is closed and unitary by design.

• Celestial Holography:  The boundary is  asymptotic and null. It is 
less rigidly defined by a fall-off conditions. It does allow radiation= 
The system is open and allows energy loss.

   It connects to gravitational wave detection and S-matrix observables

• Local Holography:  Holography associated with local causal 
diamonds. It requires the choice of a Cauchy domain attach to a 
finite corner. Does not require any boundary condition.

• Each Holography is associated with a symmetry group: 
Conformal,  Generalized-BMS symmetry, or Corner symmetry
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I�⇠EEH = ✏rb⇠aGab = dCEH
⇠ CEH

⇠ = ⇠aGa
b✏b. (4.12)

The Noether current associated with the Lagrangian L is

JL
⇠ := I�⇠✓L � ◆⇠L. (4.13)

And it is given on shell by a pure corner term

JL
⇠ = CL

⇠ + dqL
⇠ (4.14)

Example in gravity
qEH
⇠ := 1

2
r[a⇠b]✏ab (4.15)

This means that for ⇠ = @t the Hamiltonian is a corner term

HL
⇠ =̂

Z

S

qL
⇠ (4.16)

The Third Noether Law is that the Noether charge is canonical in the absence of flux:

I�⇠!L = �C⇠ + d
�
�qL

⇠ + FL
⇠

�
(4.17)

If one denote � with boundary @⌃ = S
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⌃
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AdS Holography assumes that
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We chose coordinates �A xi

⇠ = Y A(�A)@A + Wi
j(�A)xi@j + T i(�A)@i (4.23)

Decomposition into subsystems
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Summary 

U⌃ ⇢ H⌃ (3.57)

E
S
= 'J'�1 (3.58)

JL = 'LRJR'
�1
LR (3.59)

GS = Di↵(S) n Maps(S, G) G = SL(2, R)? ⇥ SL(2, R)k ⇥ SL(2, C) (3.60)

ds2 = hijdxidxj + qab(d✓
A � NA

i dxi)(d✓B � NB
j dxj) (3.61)

= eI ^ eJ (3.62)

AA = qAB(@0N
B
1 � @1N

B
0 + [N0, N1]

B) (3.63)

p
q S S0 S” (3.64)

in GS (3.65)

A ! 1 (3.66)

p
q = � Cdiscrete

slk(2,R) (3.67)
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• For Einstein-Hilbert gravity we have

holds.?? In practice the proofs of these theorems contains three steps: Given a set of fields
�i(x) and a Lagrangian L(�i). The sets of fields can be viewed as sections of a bundle
P ! M over spacetime. The Lagrangian variation determines the equations of motions
Ei = 0 modulo a boundary term

Ei��
i = d✓ � �L (3.1)

✓ is a variational one-form and a codimension one spectre form, which is the symplectic
potential current. Its variation determines the symplectic potential two form given by ! :=
�✓. This symplectic form satisfies the conservation law

d! = �Ei ^ ��i, (3.2)

which means that it is conserved on-shell. The first Noether theorem follows from the
invariant of the Lagrangian under symmetry. An infinitesimal symmetry transformation is
vector filed of the bundle a Given a infinitesimal transformation ⇠̂ of the Bundle P one has
that

�⇠L = d◆⇠L (3.3)

Ei�⇠�
i = dJ⇠, J⇠ = ✓(�⇠�) � ◆⇠L. (3.4)

dJ⇠=̂0 (3.5)

The second part of the Noether theorem follows from the fact that if the symmetry group is
local, that is the symmetry parameters ⇠ form an infinite dimensional Lie algebra labels by
n functions then the Equations of motions satisfies n Bianchi identities. In other words one
has necessarily that

Ei�⇠�
i = dC⇠ C⇠=̂0 (3.6)

taking the di↵erence means that
d(J⇠ � C⇠) = 0 (3.7)

This means that the Noether charges such as the energy, angular momenta etc... associated
with a space region ⌃ only depends on is boundary S = @⌃

H⇠ =

Z

⌃

C⇠ +

Z

@⌃

q⇠. H⇠=̂

Z

@⌃

q⇠ (3.8)

In Gravity
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8⇡G
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⌃̄
L⇠⌦ = �F⇠ L⇠H = F⇠(� g) (3.10)

TrH⌃̄
(|0ih0|) = e2⇡HBoost (3.11)

A localized matter excitation
O�(x) = ei��(x) Õ� (3.12)

8⇡GE =

Z

S

(r2@rgtt), [E, Õ�(x)] = @tÕ� 6= 0 (3.13)

HS = L2(GS) (3.14)
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codim1,2 volume forms

Universal quasi-local formula 
encompassing the energy of 
matter coupled to gravity

dAEI ⌃
= j dAj = 0 (3.11)

�↵A = dA↵ (3.12)

G↵ =

Z

⌃
dA↵

I ^ EI G↵ =

Z

@⌃
↵IEI (3.13)

[G↵, G� ] = G[↵,�] (3.14)

[EI(x), EJ(y)] = CIJ
KEK(x)�(2)(x � y) (3.15)

dAFI = 0 G̃↵ =

Z

@⌃
↵IFI (3.16)

GS ⇥ G̃S (3.17)

⌃ S (3.18)

4

Σ

• Given a region R with slice  the symmetry charges are supported on 
codimension 2 corners      = entangling sphere

Σ

• Local symmetries allows us to encapsulate the geometry of spacetime regions 
into corner symmetry charge

Representing the Corner charge algebra = Quantization of geometry

• The dynamics is encoded into flux-balance laws for these charges

Representing the Extended charge algebra  = Quantization of dynamics 

• At the quantum level the project is that
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Surprises in asymptotically-flat spacetimes
• Many open questions left: role of log terms, asymptotic symmetry algebra with flux, . . .
• Using the NP formalism, one can rearrange the Bondi data to find a tower of flux balance laws
• This reveals a symmetry connecting subs soft theorems, multipoles, and non-local symmetries



Perspectives

Recent activity
• Carrollian physics [Bagchi, Ecker, Grumiller, Hartong, Obers, Pérez, Prohazka, . . . ]

• celestial/Carrollian holography [Donnay, Herfray, Petropoulos, Puhm, Raclariu, Strominger, . . . ]

• classical and quantum soft theorems [Campiglia, He, Laddha, Lysov, Mitra, Sen, . . . ]

• covariant phase space [Barnich, Ciambelli, Freidel, MG, Pranzetti, Speranza, Speziale, . . . ]

• dual charges [Godazgar, Godazgar, Long, Oliveri, Pope, . . . ]

• extensions to (A)dS [Compère, Fiorucci, Pool, Ruzziconi, Skenderis, Taylor, Zwikel, . . . ]

• extensions to FLRW [Bonga, Enriquez-Rojo, Heckelbacher, Oliveri, Prabhu, Schroeder, . . . ]

• horizon tomography [Ashtekar, Khera, Kolanowski, Lewandowski, . . . ]

• log terms [Chrusciel, Mac Callum, Fuentealba, Henneaux, Singleton, Troessaert, Valiente Kroon, . . . ]

• new memory effects [Flanagan, Grant, Nichols, Oblak, Pasterski, Seraj, . . . ]

• inclusion of matter [Bonga, MG, Grant, Majumdar, Mao, Oblak, Prabhu, . . . ]

• w1+∞ and twistors [Adamo, Costello, Mason, Paquette, Penrose, Sharma, . . . ]
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