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Motivation

ρ

τ∂τ

dS: Λ > 0
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AFS: Λ = 0

∂t

AdS: Λ < 0

ℐ+

Is (quantum) gravity holographic?



Motivation

ℐ+

ℐ−

Long-wavelength regime ~ CFT

• IR/collinear divergences

• Detector observables

• Quantum perturbative effects

Black holes, UV-IR relation?

• Non-trivial backgrounds

• Analyticity, unitarity, dispersion relations

• Non-perturbative effects

Compute 4d gravitational scattering amplitudes (observables) using QFT tools: Why it matters?



Approaches in asymptotically flat spacetimes

Carrollian: -dim. bulk/ -dim. null boundary (d + 1) d Celestial: -dim. bulk/ -dim. boundary (d + 1) (d − 1)

• Poincare  = Conformal Carrolld+1 d

conformal symmetries of  

d-dim. null surfaces

• Poincare  =  Lorentz ( )d+1 ⊕λ d+1 λ

conformal symmetries of  

(d-1)—dim. surfaces

Local (infinite-dimensional) enhancement for d = 3: Poincare   BMS  + superrotations4 → 4

f(Ω)∂u

YA(Ω)∂A

[Laurent’s talk]



Approaches in asymptotically flat spacetimes

Celestial: -dim. bulk/ -dim. boundary (d + 1) (d − 1)

• Poincare  = Conformal Carrolld+1 d

conformal symmetries of  

d-dim. null surfaces

• Poincare  =  Lorentz ( )d+1 ⊕λ d+1 λ

conformal symmetries of  

(d-1)—dim. surfaces

Local (infinite-dimensional) enhancement for d = 3: Poincare   BMS  + superrotations4 → 4

f(Ω)∂u

YA(Ω)∂A

+ tower of ``higher-spin’’ symmetries

[Guevara, Himwich, Pate, Strominger ’21]

Carrollian: -dim. bulk/ -dim. null boundary (d + 1) d

[Laurent’s talk]



Hopes for (flat) holography

What are the defining properties of quantum gravity?

• Interplay between canonical methods, holography and top-down approaches

bulk-boundary dictionary: geometry  rep. theory + dynamics↔

Do CCFTs lie in the space of consistent quantum field theories?

• Defining properties of holographic CFT?

admits large c/large N limit;  sparse low-lying spectrum and large gap

stress tensor; crossing, unitarity, causality

special high-energy/finite-temperature limit 

special entanglement pattern



Roadmap

Geometry of null hypersurfaces Symmetries (kinematics) of 3d/2d CCFT)

Matching/conservation of asymptotic charges  = Ward identities (BMS, Virasoro, w-infinity)

4d scattering amplitudes 3d (2d) Carrollian (celestial) correlators

1. Foundations:

2. Observables:

IR/UV properties  =  Analytic structure in retarded time/boost weight

3. Top-down: Flat space holography from twistor space and AdS/CFT

Flat space holography = limit of AdS/CFT

[Laurent’s talk]
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1. Charge algebras



Asymptotic symmetries 

ℐ+

ℐ−

u

T(z, z̄)∂u

• Translations Supertranslations

Diffeomorphisms that act non-trivially at the boundary:

ξF ≡ T(z, z̄)∂u + ⋯

• Rotations 

• Boosts Superrotations   ξY ≡ YA(z, z̄)∂A + ⋯

ξ(T,Y) = T(z, z̄)∂u + YA∂A +
1
2

D ⋅ Y(u∂u − r∂r) + ⋯

satisfies ebms  algebra:4

[BBMS ’62]

[Barnich, Troessaert ’11]

[ξT1
, ξT2

] = 0, [ξY1
, ξY2

] = iξ[Y1,Y2],

∂zYz̄ = ∂z̄Yz = 0

[ξT, ξY] = iξT′￼= 1
2 (D⋅Y)T−Y(T)



Asymptotic charges

∂uQs = DQs−1 +
s + 1

2
CQs−2, s = 0,1,2

: truncation of s > 3 GAB = 0 @ 𝒪(r−s+1)

Q0, Q1 : supertranslation and superrotation charges (Bondi mass and angular momentum)

Qs, s ≥ 2 : higher multipole moments of gravitational field (higher-spin charges)

[Barnich, Mao, Ruzziconi ’19 ; Freidel, Pranzetti ’21; Freidel, Pranzetti, A.R. ’21; Compere, Oliveri, Seraj ’22, Geiller ’24, Kmec, Mason, Ruzziconi ’24-’26]

Asymptotic expansion of Einstein constraints + Bianchi id.:

transverse covariant derivative shear/radiation

∂uQs = DQs−1 +
s + 1

2
CQs−2, s ∈ ℕ



Higher-spin charge algebra

∂uQs = DQs−1 +
s + 1

2
CQs−2, s ∈ ℕ

lim
u→−∞

Qs(u, z, z̄) diverges; regularize by imposing no-flux condition at cut of  ℐ [Freidel, Pranzetti, A.R. ’21; Cresto, Freidel ’24-’25]

𝒬−
s

𝒬+
s

𝒬−
s

𝒬+
s

=

Antipodal matching  symmetry of scattering⟺ [Strominger ’13 + friends]



Conservation law/matching  tower of soft theorems ⟹

Matching condition  charge conservation:⟺ ⟨out |𝒬+
s 𝒮 − 𝒮𝒬−

s | in⟩ = 0

⟨out | [Qsoft, 𝒮] | in⟩ = − ⟨out | [Qhard, 𝒮] | in⟩

⟹

ω

Linear in phase space variables Quadratic in phase space variables

𝒬s = 𝒬(1)
s + 𝒬(2)

s leads to tower of subleading soft theorems: Matching of 

⟹ =
∞

∑
n=0

ω−1+n S(0)
× + ⋯lim

q→0
𝒬−

s

𝒬+
s

=



Charges obey 2d higher-spin algebra

 are (non-linear) functionals of  (canonically conjugate variables on gravity phase space)𝒬(i)
s 𝒩, 𝒞

• algebra computed from canonical bracket  {𝒩(u, z), 𝒞(u′￼, z′￼)} ∝ δ(u − u′￼)δ(2)(z, z′￼)

{qs(z), qs′￼
(z′￼)}1 =

κ2

8 [−(s′￼+ 1) q1
s′￼+s−1(z′￼)Dzδ(z, z′￼) + (s + 1)q1

s′￼+s−1(z)Dz′￼
δ(z, z′￼)]

=  algebra on the gravitational phase spacew1+∞

[Freidel, Pranzetti, A.R. ’21-’23]

• Phase space construction extends in the presence of a cosmological constant: -deformation of !Λ w1+∞

[Di Giacomo, Micol, Pranzetti, A.R. ’26]

• Same algebra from OPE of gravitons in 2d CCFT & Poisson structure in (6d) twistor space [Guevara, Himwich, Pate, Strominger ’21]

[Adamo, Mason, Sharma ’21]



2. Observables



Is there a class of observables on which symmetries act more naturally? 

Carrollian/conformal primary wavefunctions

• Relation between asymptotic expansion of Einstein constraints and soft theorems was rather indirect

spacetime picture momentum space amplitudes

ℐ+

ℐ−

• Massless: correlation functions at null infinity

• Massive: correlation functions at timelike infinity

• AdS/CFT: correlation functions at spacelike infinity?



Φ(x) = ∫ d2 ̂qp ∫ dtp ( 1
t − tp − r ̂q ⋅ ̂qp

𝒪†(tp, ̂qp) + h . c . )
= ∫ d2 ̂qp ∫ dΔ ( 1

(t − r ̂q ⋅ ̂qp + iϵ)Δ
𝒪̃ †

Δ( ̂qp) + h . c . )

Carrollian/conformal primary wavefunctions

Φ(x) = ∫
d3 ⃗p

2ω(2π)d (e−ip⋅xa†( ⃗p) + eip⋅xa( ⃗p))Standard quantization of free field:

Δ = 1, x0 arbitrary time: Carrollian wavefunctions

x0 = 0, Δ arbitrary: conformal primary wavefunctions

x0, ̂qp

x

[Pasterski, Shao, Strominger ’16; Bagchi et. al.; reviews by AR, Donnay, Pasterski, Bagchi, Ruzziconi, etc. ]

Alternative quantizations: Carrollian

Celestial

[Poincare irreps]

[Lorentz irreps]

diagonalize Lorentz boosts towards ̂qp



Φ(x) = ∫ d2 ̂qp ∫ dtp ( 1
t − tp − r ̂q ⋅ ̂qp

𝒪†(tp, ̂qp) + h . c . )
= ∫ d2 ̂qp ∫ dΔ ( 1

(t − r ̂q ⋅ ̂qp + iϵ)Δ
𝒪̃ †

Δ( ̂qp) + h . c . )

Carrollian/conformal primary wavefunctions

Φ(x) = ∫
d3 ⃗p

2ω(2π)d (e−ip⋅xa†( ⃗p) + eip⋅xa( ⃗p))Standard quantization of free field:

Δ = 1, x0 arbitrary time: Carrollian wavefunctions

x0 = 0, Δ arbitrary: conformal primary wavefunctions

x0, ̂qp

x

[Pasterski, Shao, Strominger ’16; Bagchi et. al.; reviews by AR, Donnay, Pasterski, Bagchi, Ruzziconi, etc. ]

Alternative quantizations: Carrollian

Celestial

[Poincare irreps]

[Lorentz irreps]

diagonalize Lorentz boosts towards ̂qp

Carrollian amplitude:

Celestial amplitude:

⟨𝒪(t1, ̂q1)⋯⟩ = ∫
∞

0
dωeiωt1𝒜(ω ̂q1, ⋯)

⟨ 𝒪̃ Δ1
( ̂q1)⋯⟩ = ∫

∞

0
dωωΔ−1𝒜(ω ̂q1, ⋯)

∫
∞

−∞
dt1t−Δ

1 “light transform”

massess scattering amplitude



IR aspects of CCFT

[A.R., Pate, Strominger ’19; Adamo, Mason, Sharma ’19; Puhm ’19, Guevara ’19, Mason, Ruzziconi, Srikant ’23]

Bulk soft modes fall into integer  representations of : Δ ≤ 1 sl(2,ℝ) × sl(2,ℝ)

lim
ω→0

ω𝒪(ω, z, z̄) = lim
Δ→1

(Δ − 1)∫
∞

0
dωωΔ−1𝒪(ω, z, z̄)

𝒪̃ Δ(z,z̄)

⟨ 𝒪̃ Δ1
( ̂q1)⋯⟩ = ∫

∞

0
dωωΔ1−1𝒜(ω ̂q1, ⋯) = ∫

∞

−∞
dt1t

−Δ1
1 ⟨𝒪(t1, ̂q1)⋯⟩

• leading soft mode:

• (sub) -leading soft modes:k lim
Δ→1−k

(Δ − 1 + k) 𝒪̃ Δ(z, z̄)

IR expansion of 4d amplitude  Celestial amplitudes have poles at negative integer ⟹ Δ

Carrollian amplitudeCelestial amplitude

[= coeff. in late time expansion of Carrollian amplitude]

Carrollian amplitudes have power-law decay at late time

[= CCFT dual operators to higher-spin bulk charges]



UV properties of CCFT

−1−2

β = 1 + iλ

β

IR poles No UV poles 

• Poles in the RH complex dimension plane related to high-energy expansion of 4d amplitude

• Black holes expected to lead to exponential suppression at high energy:

SBH ∼ ω2/M2
Pl ⟹ 𝒜 → e−ω2/M2

Pl, ω → ∞

𝒜̃ → ∫
∞

0
dωωβ−1e−ω2/M2 =

Mβ

2
Γ(β/2) .

Exponentially soft behavior at high energies erases the UV poles in quantum gravity!

[Arkani-Hamed, Pate, A.R., Strominger ’20]



3. Flat from (A)dS



Carrollian limits of 3d CFT

π

−π

τ

0

Ω

ρ

R → ∞

τi = ± π
2

+ cui

[Giddings ’99,…,de Gioia, A.R. ’22, ’23; Bagchi et. al. ’23; Alday et. al. ’24 + ‘25 Bagchi et. al. review]

π

π
2

−π

−
π
2

τ

0

p2

pn

Ω

ρ

p1

𝒪Δ(z, z̄)

τ1
τ2

τ3

 CCFT  wavefunction with ∫
∞

−∞
duu−λ ⟹ 2 ΔCCFT = Δ + λ − 1

KΔ(P; X)
τp=± π

2 +cu
→

Cd=3
Δ c1−Δ

iΔΓ(Δ)
φ±

Δ(x − x0; ̂q)@large R, AdS  bulk-to-boundary propagatord+1

x0 = (u,0,0,0)



From AdS to flat space wavefunctions

All (kinematic) flat space results follow from limits of AdS

Bulk: IW contraction = flat space limit

Φ(X) = ∫B
d3PGT.O.

Δ (P; X) 𝒪̃ −
3−Δ(P) + ∫B

d3PGA.T.O.
Δ (P; X) 𝒪̃ +

3−Δ(P)

Carrollian primary identified with 3d CFT shadow!

•  covariant “bulk reconstruction” in AdS admits equivalent representationsso(3,2)

4d Poincare = Inonu-Wigner contraction of 4d (A)dS isometry algebra

[Navarro, A.R. ’25, ’26]• Flat space limit identifies 3d Carrollian operators with 3d CFT shadows!



Infinite towers of 2d symmetry algebras from 3d CFT

• OPE blocks of (eg.) the stress tensor in CFT  encodes 3d Carrollian/2d celestial tower of higher-spin operators:3

AdS/CFT  gluons dual to conserved currents, gravitons dual to the stress tensor ⟹ ⟹

T+ ≡ Zμν
+ Tμν  positive helicity graviton↔ lim

c→0
T+(cu, z, z̄) ∼ 𝒯+(u, z, z̄) = ∑

n

un𝒢+
3+n(z, z̄)

∮ du1u
s1
1 ∮ du2u

s1
2 lim

c→0
T+(cu1, ⃗z1)T+(cu2, ⃗z2) ∼ 𝒢+

2−s1
( ⃗z1)𝒢+

2−s2
( ⃗z2)

2d OPE block of conformal primary gravitons
CFT3

∼ c
c → 0

CCFT2

∫ duus

P = P(x) = P(t, z, z̄)

It works! [de Gioia, AR ’25]

Boundary: IW contraction = Carrollian limit



Connections across QG

Charges, fluxes, edge modes

LQG

Area operator ~ charge?


Rep. thy. of  in 4dsl(2,ℝ)

String theory
Extended/non-pert. objects, 


can we characterize them using 


covariant methods/charges? 


Generalized symmetries?

Holography

chiral algebras

Path integral

1-loop corrections;


role of boundary conditions? 

Cosmology

Amplitudes

different perturbative expansions: 


low-energy  ; IR divergences?≠ GN

Asymptotic safety
?



Summary & Outlook

• Tower-of higher spin charges in 4d AFS = operators obeying the  algebra in 2d CFTw1+∞

• Analog statements in 4d (A)dS all of which reduce to flat space results in appropriate limits

• unified picture of light-ray operators and other defects in gravity?

• implications for gravitational observables?

• IR and UV properties of 4d scattering amplitudes = analytic structure of 3d/2d CCFT correlators

Thank you!



Backup



+
κΛ
2

c(Δ1, Δ2)
z2
12

∞

∑
n=0

B(Δ1 − 2 + n, Δ2 − 2)
z̄n

12

n!
∂̄nG+

Δ1+Δ2−2(z2) +
κΛ
2

d(Δ1, Δ2)
z12

∞

∑
n=0

B(Δ1 − 2 + n, Δ2 − 2)
z̄n

12

n!
∂∂̄nG+

Δ1+Δ2−2

G++
Δ1

(z1)G
±±
Δ2

(z2) ∼ −
κ
2

1
z12

∞

∑
n=0

B(2h̄1 + 1 + n,2h̄2± + 1)
z̄n+1

12

n!
∂̄nG±±

Δ1+Δ2
(z2) + 𝒪(z0

12)

• Gives rise to the -deformed algebra:Λ

[wp
a,m, wq

b,n] = (m(q − 1) − n(p − 1)) wp+q−2
a+b,m+n − Λ [a(q − 2) − b(p − 2)] wp+q−1

a+b,m+n

• SO(3,2) subalgebra generated by , contracts to Poincare as w1
a,0, w2

0,m (a, m = − 1,0,1), and w
3
2
± 1

2 ,± 1
2

Λ → 0

[Taylor, Zhu ’23]

IR properties (collinear limits)


