
Gabriel Arenas-Henriquez 
Yau Mathematical Sciences Center, Tsinghua University

Radiation, holographic fluids, and the 
flat limit

In collaboration with Luca Ciambelli (Perimeter, Canada), Felipe Diaz (USS, Chile), Weizhen Jia (CUHK, China), and David Rivera-Betancour (ITMP, Moscow) 
arxiv:2508.01446 (JHEP01(2026)086)

1Black hole thermodynamics — from semiclassical to quantum 
Kyung Hee University, Seoul, Korea 

July 2026

https://arxiv.org/abs/2508.01446


From AdS/CFT to Flat holography
• AdS/CFT correspondence is a well-established paradigm that relates gravity in an anti-

de Sitter space in  dimensions with a conformal field theory at its dimensional 
boundary  

Successes: 

• Non-perturbative definition of quantum gravity in AdS. 

• Realisations of strongly coupled QFTs, black hole thermodynamics, entanglement, 
transport, etc.

d + 1 d−
[Maldacena 97; Gubser, Klebanov, Polyakov 98; Witten 98]

Can we formulate a holographic duality in spacetimes that are not asymptotically AdS?
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• What replaces the timelike boundary?   Null infinity  — Carroll geometry 

• Asymptotic symmetries of Mink  : BMS   

• No radial direction/RG flow interpretation 

• Non-conservation laws at null infinity  BMS charges, and flux-balance laws

→ ℐ+

d+1 d+1 ∼ ℭ𝔠𝔬𝔫𝔣d

→
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From AdS to Flat

 [Bondi-Van der Burg-Metzner 62] [Sachs 62’] 
 [Duval-Gibbons-Horvathy 14]

ds2 = 0 ⋅ du2 + habdxadxb

Two possible candidates: Carroll CFT — Celestial CFT

Whatever flat-space holography is,  it should be compatible with the flat/UR limit of AdS/CFT
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Two approaches: 

• Flat/CCFT correspondence: The boundary of 
asymptotically flat spaces is the null infinity - the 
holographic dual at null infinity is a Carroll conformal field 
theory (CCFT) 

•

[Barnich-Troessaert 10, Barnich-González 13, Hartong 16, …]
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Celestial Holography: Duality between the gravitational S-
matrix of four-dimensional asymptotically flat space and 
correlators in a conformal field theory living on the celestial 
sphere  located at the spatial sections of the null infinityS2

[Strominger 14] [Pasterski-Pate-Raclariu 21]

[McLoughlin-Puhm-Raclariu 22]

• These approaches are related as the sourced Ward identities 
of a conformal Carrollian field theory living at null infinity 
reproduce the BMS flux-balance laws

[Donnay-Fiorucci-Herfray-Ruzziconi 22] [Bagchi-Banerjee-Basu-Dutta 22] 

Gravitational radiation is the common language in both approaches  



• If AdS/CFT admits a good flat/UR limit, radiative AdS solutions should map to 
radiative flat solutions. 

How do we characterise radiation already in AdS so that the flat limit reproduces 
Bondi news? Can we recover celestial operators and Carrollian dynamics from AdS?
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• Strategy: Use AdS as a controlled laboratory, formulate a boundary diagnosis of 
radiation, and then take the flat limit to compare with the expected Carrollian and 
celestial structures.



Radiation in flat space
• In flat space, gravitational waves are unambiguously defined as the 

radiative modes at null infinity

7

ds2 = − du2 − 2dudr + 2r2γzz̄dzdz̄ +
2mB

r
du2 + rCzzdz2 + DzCzzdudz

+
1
r [ 4

3 (Nz + u∂zmB) −
1
4

∂z(CzzCzz)] + cc + …

mB = mB(u, z, z̄) Czz = Czz(u, z, z̄):   Bondi Mass :   Shear :  Angular Momentum AspectNz = Nz(u, z, z̄)

The shear tensor   is free data at , and it contains information about 
radiation through the Bondi news tensor

CAB ℐ+

Nzz = ∂uCzz

• It can be interpreted as the gravitational analogue of the field strength   Fuz = ∂uAz



• The total energy flux across  isℐ+

dE
du

=
1

32πG ∫S2

NABNABdΩ

• Non-zero news  non-zero gravitational radiation⇒
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These measurements are directly tied to asymptotic charges and symmetries in the 
BMS framework: 

• The gravitational memory effect corresponds to a large supertranslation 
relating the vacuum before and after radiation passes. 

• The change corresponds to the soft sector of gravity — encoded 
holographically in Celestial amplitudes and memory observables. 

[Strominger-Zhiboedov 14]



Radiation in AdS
For , the situation is more subtle.Λ < 0

Nevertheless, as shown recently  [Ciambelli-Pasterski-Tabor 24] [Fernández-Álvarez and 
Senovilla 25], a diagnosis of radiation can be constructed from boundary data!

𝒞ij =
1
2

ηkl
i 𝒞klj

ηijk ≡ −g(0)ϵijk

Cklj = ∇(0)
l Skj − ∇(0)

k Slj
Sij = R(0)

ij −
1
4

Rg(0)
ij

Tij =
2

−g0)

δSren

δg(0)
ij

Radiation in AdS can be detected by the relative orientation of 
the stress tensor and Cotton tensor

Boundary data of AdS: 

: boundary metric/source.     : holographic stress tensor.     : Cotton-York tensor      g(0)
ij Tij Cij



Full absence of radiation:    with α𝒞ij = βTij α2 + β2 ≠ 0
The radiative vector is a holographic diagnostic of radiative behaviour in AdS.
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Its value leads to the following necessary condition for the presence of radiation: 

If   radiative bulk𝒫̂i ≠ 0 ⇒

Moreover : Recovers the flat space criterion Λ → 0 NAB = 0 ⟺ 𝒫̂i = 0

A sufficient diagnosis: Radiative vector
Ciambelli-Pasterski-Tabor defined 

𝒫̂i =
16πG

ℓ2
𝒞i

jkTjk

[Fernández-Álvarez and Senovilla 25]

• Inmediate implication: spacetimes with conformally flat boundaries are not radiative. 



Example A: Taub-NUT-AdS

ds2
bdy = − (dt + 2n(1 − cos θ)dϕ)2 + ℓ2dΩ2

[Kalamakis-Leigh-Petkou 20]

•
Non-conformally flat 𝒞ij =

n
ℓ4 (1 +

4n2

ℓ2 ) (3uiuj + g(0)
ij )

• Holographic stress tensor describes a perfect fluid 𝒯ij =
M

8πGℓ2 (3uiuj + g(0)
ij )

ui = δi
twith

• Energy-momentum/Cotton duality  𝒯ij ∝ 𝒞ij ⇒ 𝒫̂i = 0
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Example B: Robinson-Trautman AdS

ds2
bdy = hijdxidxj = −

du2

ℓ2
+ 2eΦ(u,ζ,ζ̄)dζdζ̄

• Non-conformally flat provided non-constant Gaussian curvature

• Holographic stress tensor has dissipative corrections 𝒯ij = ε (3uiuj + g(0)
ij ) + Πij

[de Freitas-Reall 14] 
[Bakas-Skenderis 14] 
[Ciambelli-Petkou-Petropoulos-Siampos 17] 

• Non-vanishing Super Poynting  𝒫̂i ≠ 0

Are dissipative effects in fluid/gravity related to radiation?
12



Fluid/gravity perspective
Fluid/Gravity correspondence connects the dynamics of long-wavelength perturbations in 
AdS space to the one of a relativistic conformal fluid defined at the timelike boundary 
[Bhattacharyya-Hubeny-Minwalla-Rangamani 07]

 The fluid is described by the background metric  and its energy-momentum tensorg(0)

𝒯ij = (ε + p) ℓ2uiuj + pg(0)
ij + τij + ℓ2uiqj + ℓ2ujqi

ε : Energy Density qi : Heat Currentτij : Viscous Stress

Conformal invariance requires the energy momentum to be traceless, hence implying the 
conditions 

ε = 2p , and τi
i = 0

g(0)
ij uiuj = −

1
ℓ2
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• The Cotton-York tensor can also be decomposed along the timelike congruence 

• Here, ,  and  correspond to Cotton density, Cotton current and Cotton stress tensor, 
respectively

c ci cij

𝒞ij =
c
2 (3ℓuiuj +

1
ℓ

g(0)
ij ) − ℓcij + ℓuicj + ℓujci

Just as the boundary energy-momentum tensor, the Cotton-York tensor  is traceless and 
covariantly conserved, namely 

𝒞ij

gij
(0)𝒞ij = 0 ∇(0)

i 𝒞ij = 0
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• Let us consider the covariant NU gauge, which is dictated by the following gauge 
conditions  

• The line element reads  

•  corresponds to the (conformal) boundary metric and  encodes the stress tensor. 

• Additionally, for any with , their components are determined in terms of the 

set of boundary data  by using the Einstein equations. 

g(0)
ij g(3)

ij

g(n)
ij n ≠ 0,3
{g(0)

ij , ui, ε, qi, τij}

Covariant Newman-Unti gauge

grr = 0 and gri = ℓ2ui

ds2
bulk = 2ℓ2uidxidr + ∑

n⩾0

r2−ng(n)
ij dxidxj
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[Campoleoni, Delfante, Pekar, Petropoulos, Rivera-Betancour 23]

[Ciambelli-Marteau-Petkou-Petropoulos-Siampos 18]



Algebraically special solutions

ds2 = 2ℓ2uidxidr + (r2g(0)
ij + 2rℓ2u(iAj) + ℓ4Sij +

ℓ4 (8πGεr + cγ)
r2 + γ2

uiuj)dxidxj

The boundary geometry satisfies the following identities

σij = 0 , qi =
1

8πG
∗ci , and τij = −

ℓ2

8πG
∗cij .

By using holographic reconstruction, the resummed line element reads

[Ciambelli-Marteau-Petkou-Petropoulos-Siampos 18]
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Exact solutions to Einstein’s equations whose Weyl tensor is constrained by the existence of 
repeated principal null directions. e.g: Schwarzschild, Kerr, Taub-NUT, C-metric, RT

[Campoleoni, Delfante, Pekar, Petropoulos, Rivera-Betancour 23]



We can obtain the radiative vector in terms of fluid variables

1
8πG

𝒫̂i = −
3
ℓ2 (8πGεqi − c ∗qi) +

16πG
ℓ2 (2τijqj + ui (τklτkl − ℓ2qkqk))

Clearly, it vanishes when the fluid is perfect, i.e.,  and qi = 0 τij = 0

In the algebraically special sector, boundary dissipative corrections provide the 
holographic imprint of bulk gravitational radiation.
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For spacetimes outside Petrov classification, the radiative vector is

1
8πG

𝒫̂i = −
3
ℓ2 (ε ∗ci − c ∗qi) −

2
ℓ2 (ℓ2 ∗cijqj + ∗τijcj) −

2
ℓ

ηijk (cl
j τlk + cjqk)

Even in the absence of dissipation, the radiative vector is non-vanishing

1
8πG

𝒫̂i = −
3
ℓ2

ε ∗ci

According to this, the minimum necessary condition for the solution to radiate is a non-vanishing 
boundary Cotton current (with non-zero energy density).
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 Another important object for the description of out-of-equilibrium phenomena in 

conformal fluid dynamics is the entropy current: si =
1
T (pui − Tijuj)

Entropy production?

Knowing that the radiative vector satisfies

[Israel 81, Loganayagam 08, Kovtun 12]

∇̂μ𝒫̂μ ℬ= 0

If , the divergence of the radiative vector leads to 𝒫i ≠ 0

∇(0)
i si =

1
εT

∇(0)
i ϑi − si ∇(0)

i log(εT) −
ℓ2

192π2G2

1
εT

̂Fr
(1)

Does gravitational radiation imply entropy production, or only departure from hydrostatic 
equilibrium?

ϑi ≡
4
3

τijqj +
2
3

ℓ2qjqjui + ε2ui −
c2

16πG
ui −

c
8πG

∗ qi, ̂Fr
(1) = −

16πG
ℓ2

Ti
jℰ

j
(1)i −

2
ℓ

𝒞i
jℳ

j
(1)i

∇isi ≥ 0
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Boundary entropy production:



As an example, we can consider an accelerating black hole in AdS

Example: AdS C-Metric

ds2 =
1

ω(r̄, x̄)2
− f̄(r̄)dt̄2 +

dr̄2

f̄(r̄)
+ r̄2 ( d ¯̄x2

Σ̄(x̄)
+ Σ̄(x̄)dȳ2)

ω(r̄, x̄) ≡ 1 + Ar̄x̄

Σ̄(x̄) ≡ (1 + 2mAx̄)(1 − x̄2)

f̄(r̄) ≡ 1 −
2m
r̄

− r̄2 ( Λ
3

+ A2) + 2mA2r̄

Using the Newman-Penrose formalism, it has been 
shown that it is a radiative solution for any value of 
the cosmological constant 
[…, Bicak-Krtous 02, Podolsky-Ortaggio-Krtous 03,  Fernández-Álvarez-

Podolsky-Senovilla 24]

[Kinnersley-Walker 70]  
[Plebanski-Demianski 76] 
[Hong-Teo 03] 

Slow acceleration regime  , only one bh horizon 
Rapidly accelerating regime  bh horizon + acc 
horizon

Aℓ < 1
Aℓ > 1
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It can be brought to the cNU gauge via 

dt = du +
1

f(r̄)
dr̄, r̄ =

r
1 − Arx

Then ds2 = − 2dudr − 2r2Adudx −
f(r, x)

ω2(r, x)
du2 + r2 ( dx2

Σ(x)
+

Σ(x)
𝒦2

dϕ2)

where now f(r, x) = ω2 r2

ℓ2
+ (1 − A2r2ω2) (1 −

2M
ωr ) , ω(r, x) =

1
1 − Arx

.

The boundary is non-conformally flat

g(0)
ij dxidxj = −

1
ℓ2 (1 − A2ℓ2Σ) du2 − 2Adudx +

1
Σ

dx2 +
Σ

𝒦2
dϕ2
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And the components of the stress tensor can be decomposed into a non-vanishing heat current 
, and viscous stress tensor . Then the radiative vector isqi τij

• There is no boundary entropy production, in agreement with [Ciambelli, Petkou, 
Petropoulos, Siampos 17]

∇(0)
i si

E = 0

The Cotton-York tensor is
𝒞ij =

3AmΣ
𝒦

0 0 (1 − A2ℓ2Σ)
ℓ

0 0 Aℓ
(1 − A2ℓ2Σ)

ℓ
Aℓ 0

𝒫̂u = − 18m2A2Σ (1 − 2A2ℓ2Σ) , 𝒫̂x =
18m2AΣ

ℓ2 (1 − 2A2ℓ2Σ) (1 − A2ℓ2Σ) , 𝒫̂ϕ = 0

The entropy current is constant , and its divergence issi =
3m

8πGT
δi

u
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• For Robinson-Trautman:   [Bakas, Skenderis 14]  [Ciambelli, Petkou, 
Petropoulos, Siampos 17]

∇(0)
i si

L ≥ 0 ∇(0)
i si

E = 0



Flat Limit
• In order to compare with the flat space result, want to be able to take the flat space limit 

from AdS. 

• From the Fefferman-Graham gauge, the limit is ill-defined. 

• Instead, we need to consider null gauges!  

• Two possible options with different applications:

-BMS: Generalisation of the Bondi-Sachs gauge to non-zero cosmological constant and 
allows for easier identification of Celestial operators
Λ

[Compère-Fiorucci-Ruzziconi 19][Poole-Skenderis-Taylor 18]

Covariant NU: Covariant description of holographic fluid, which in the flat limit translates 
to a (Conformal) Carrollian fluid [Ciambelli-Marteau-Petkou-Petropoulos-Siampos 18]
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Carrollian fluid structure
Focusing on algebraically special solutions, consider the Papapetrou-Randers parameterisation

g(0)
ij dxidxj = − 1

ℓ2 (Ωdu − bAdxA)2 + aABdxAdxB

• Under Carrollian diffeomorphisms,  transforms as a scalar,  transforms as a connection, 

and  transforms as a rank two tensor 

• We also consider the boundary fluid velocity  to be at rest, satisfying  

After taking the flat limit

Ω bA
aAB

ui∂i =
1
Ω

∂u uiui = −
1
ℓ2

ds2
Carr = 0 ⋅ du2 + aABdxAdxB

υ =
1
Ω

∂u μ = − Ωdu + bAdxA: Carroll vector : clock-form with  being the 
Ehresmann conn.

bA
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• One can fully reconstruct the bulk Ricci-flat metric by taking the flat limit order by order in 
the asymptotic expansion in the NU gauge.  

• Our goal is to obtain the Carrollian expansion for the radiative vector. For that, we expand 
the Cotton tensor and stress tensor in powers of , ℓ

c = c(0) +
1
ℓ2

c(1) , cA = χA +
1
ℓ2

ψ A , cAB = XAB +
1
ℓ2

ΨAB

ε = ε(0) , qA = QA +
1
ℓ2

πA , τAB = − ℓ2ΣAB − ΞAB

where  is the energy density of the dual Carrollian fluid, and  are two Carrollian 

heat currents (Carroll energy flux and momentum, respectively), and and   are the 
Carroll viscous stress tensors.

ε(0) QA πA

ΣAB ΞAB
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[Campoleoni, Delfante, Pekar, Petropoulos, Rivera-Betancour 23]



•  The dissipative terms are fixed by some pieces of the Carrollian Cotton tensors as

QA =
1

8πG
∗χA , πA =

1
8πG

∗ψ A

ΣAB =
1

8πG
∗XAB , and ΞAB =

1
8πG

∗ΨAB

With this at hand, we can compute the flat limit expansion for the radiative vector.         
From the temporal component, we get 

1
Ω

𝒫̂u = ̂ϱ +
1
ℓ2

̂ϱ(1) +
1
ℓ4

̂ϱ(2) +
1
ℓ6

̂ϱ(3) ,

Where the leading term gives the Carrollian scalar 

̂ϱ = − 128π2G2ΣABΣAB
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𝒫̂A = Υ̂A +
1
ℓ2

Υ̂A
(1) +

1
ℓ4

Υ̂A
(2) +

1
ℓ6

Υ̂A
(3)

Analogously, the transverse components 

Whose leading term is

Criterion:

Υ̂A = − 256π2G2ΣABQB

We call  and  the Carroll-radiative scalar and Carroll-radiative vector, respectively.̂ϱ Υ̂A

In fact, the absence of radiation criterion for Ricci-flat spaces is now given in terms of !Υ̂A

In order for a Ricci-flat bulk to radiate, the dual Carrollian fluid must be non-perfect, 
i.e., there is a non-vanishing viscous stress tensor and a heat current  ΣAB QA
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Comparing with the result in the  -BMS gauge, allows for the following identificationΛ

ΣAB ∼ ∂uNAB , QA ∼ D(0)
B NB

A

This gives an interesting interpretation of the radiative properties of the spacetime captured by 
the news tensor  in terms of Carrollian boundary data.NAB
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The Carrollian fluid at null infinity inherits exactly the 
dissipative terms dictated by bulk radiation



-BMSΛ
• Consider an asymptotically (locally) AdS space in the following gauge 

• Non-vanishing radiative vector leads to non-trivial news and shear. 

• Natural framework for defining celestial observables. 

[Compère-Fiorucci-Ruzziconi 19]

ds2 = eβ V
r

du2 − 2eβdudr + gAB (dΘA − UAdu) (dΘB − UBdu)

gAB = r2 (qAB +
1
r

CAB +
1
r2

DAB +
1
r3

EAB +
1
r4

FAB + …)
[Poole-Skenderis-Taylor 18]
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Take-away messages: 

1. The radiative vector offers a consistent and covariant criterion for identifying gravitational radiation in AdS 
spacetimes in terms of holographic data.  

2. Dissipative corrections in the boundary fluid encode radiative bulk degrees of freedom  

3. The flat limit of radiative AdS solutions naturally connects to celestial and Carrollian holography, suggesting a 
unified picture of radiation across asymptotics. 

4. Radiative vector contains information about radiation flux but does not fully characterise all radiative degrees of 
freedom in AdS! 

Final remarks
Gravitational radiation in AdS spacetimes offers a powerful window into the dynamics of 

holography beyond equilibrium. 
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• Second-order hydrodynamics, entropy current, and Carrollian entropy current. 

• Dissipative phenomena in hydrodynamics on null surfaces  

• Memory effects of the C-metric and Heisenberg hair  

• Covariant description of charges and fluxes in AdS 

• Dissipation and open systems in holography 

[Adami et all 23’x2] 

[Adami et all 24] 
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[Karch Youssef 25] 

[Poole, Skenderis, Taylor 25]
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