On bulk reconstruction in Lorentzian AdS anao
its flat space limit

Ana-Maria Raclariu, King's College London

Based on 2512.13541, 2605.16641 w. Nuria Navarro

ENS summer institute, Paris 2026


https://arxiv.org/abs/2512.13541

Motivation

Gravity in asymptotically flat spacetimes

graviton, radiation



Motivation

Gravity in 4d asymptotically flat spacetimes, long wavelength sector

~ 3d Carrollian/2d celestial CFT

i+

[many reviews '17-'26: Bagchi et. al.; Donnay; Ruzziconi; Strominger; A.R.; Pasterski; SAGEX,....]

FT [Andrea’s talk]



Motivation

Gravity in asymptotically flat spacetimes * Asymptotic symmetries ~ global symmetries  [ct. AdS/CFT]

~ Carrollian/celestial CFT

(d+1)-dimensional d-dimensional
~

Poincare algebra conformal Carroll algebra

[conformal symmetries

of d-dimensional null surfaces]

[Duval, Gibbons, Horvathy "14]

+ infinite dimensional enhancements (BMS ., ;)




Motivation

Gravity in asymptotically flat spacetimes * Asymptotic symmetries ~ global symmetries  [ct. AdS/CFT]

~ Carrollian/celestial CFT

» Classical soft theorems ~ asymptotic symmetries

09)
An+1 ~ Z a)k_lS(k)An _|_ oo
k=0
— k = 0 [Weinberg '60s] ~ supertranslation symmetries [BMS]
— k = 1 [Cachazo-Strominger '14] ~ superrotation symmetries
[Barnich, Troessaert '10]

— k > 1 [Guevara et. al. '19-'21] ~ radial expansion of gravitational

constraints [Freidel, Pranzetti, A.R. '22]

777

[Strominger, He, Kapec, Mitra ‘14; + Cachazo, Campiglia, Freidel, Guevara, Himwich, Laddha, Pasterski, Pate, Pranzetti, Puhm, A.R., Yuan....]



Motivation

Gravity in asymptotically flat spacetimes * Asymptotic symmetries ~ global symmetries  [ct. AdS/CFT]

~ Carrollian/celestial CFT  Soft theorems ~ CFT Ward identities
A |~ i 0" ISOA + .o = (T (0)O0(x))---O(x,))
k=0
* Low energy graviton modes ~ currents in 2d CFT
— leading ~ weight-shifting operators
— subleading ~ stress tensor

— (sub)’leading ~ infinite tower of higher spin symmetries




Motivation

Gravity in asymptotically flat spacetimes

~ Carrollian/celestial CFT Implications for dynamics (beyond selt-dual sector)?

* radiation/infrared divergences
* energy correlators in gravity

* gquantum aspects of scattering amplitudes

* holography

[Gabai, Sever "16; Kapec, Perry, A.R., Strominger; Akhouri, Choi;....... ;
Bekaert, Donnay, Herfray; Chicherin, Korchemsky, Sokatchev,
Zhiboedov; Alday, Strominger '26]




Motivation

Gravity in asymptotically flat spacetimes

~ Carrollian/celestial CFT

IIA _) O 11
[Polchinski; Susskind; Giddings,
Penedones; Komatsu et.al.; Hijano;

Skenderis et. al., .... ]
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Gravity in asymptotically flat spacetimes
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Carrollian/celestial CFT

Motivation
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flat space kinematics

emerges in limit

[Duval, Gibbons "14; de Gioia, A.R.'22-'25; Bagchi et. al,, .... ]



Motivation

Gravity in asymptotically flat spacetimes AdS/CFT

~ Carrollian/celestial CFT

A ()" < > CFT;
/\ t - ct|c— 0

v

D

flat space kinematics

W emerges in limit




This talk in a nutshell

What are the "wavefunctions” ¢(X; P)?

< > e Quantize the normalizable mode

O(P)
@(X; P) » Orthogonality properties wrt. bulk inner product

 Different bases of in/out scattering states in flat space limit(s):

— plane waves

— "Carrollian” wavefunctions [Poincare covariant, ¢ ~ GX‘)'T'O'(X; P)]

Free scalar in (3+1)d AdS — “celestial”/contormal primary wavetunctions

[so(3,1) covariant, ¢ ~ new wavefunctions preserving so(3,1) C so(3,2)]

[Witten; Gubser, Klebanov, Polyakov; Harlow, Stanford; Hamilton, Kabat, Lifschytz, Lowe; Fitzpatrick, Kaplan;....; Berenstein, Simon '25]



AdS basics

Lorentzian AdS, is realized as a hyperbolic surface in R**:

X XE = — (XO2 4+ (X)2— (XH? = -2

Global coordinates:

SIN T COST
XV=7¢ Xt=¢

COS p COS p

AdS, isometries are Lorentz transformations in R*>:

. 0
Myp=—i(X,05 — Xg0,4) { D=i—, My KzxP }
T




AdS basics: free scalar

Representation of so(3,2): (g —mH® =0, m?>=A(A-3)

Standard basis elements labelled by eigenvalues of Cartan subalgebra:

Dl/jnifm =X a)nwr_z_l_fm’ L()W:z:”m = mﬁfm’ W = — (€ + I)W;—fm




AdS basics: free scalar

Representation of so(3,2): (g —mH® =0, m?>=A(A-3)

Standard basis elements labelled by eigenvalues of Cartan subalgebra:

Dy, =t oW LW, = MW W = —C(€ + Dy,
Solutions: pt (7,0, Q) = e (P)Y,/(Q), W = W, )*

: . d .
Normalizability + Jup) = sin’ p cos® pF, A(p),  F,(p) = oF, (—n, CrAtmo 4L Sln2ﬂ>

regularity at origin  w,=A+2n+7



AdS basics: bulk state space of free field

« Equip solution space with inner product => decomposition into positive/negative energy (irreps)

w'. (t,p,Q) are orthogonal with respect to the KG inner product: >
(@ @) =i d¥ (cblaﬂcb2 cbzaﬂch) —| =
F(n+ DI +2)*T(A+n—2)

<l/g+m,l//i/m,> =iN:ll 5]16 /5mm/ N’f — . .
r kt £onk= et r F(n—|—f—|—%) F(A‘l‘f‘l‘n) P

O(z,p,L2) = Z (l//n_fm(f,p, Qya', +yt, (z,p, Q)an,fm> x O,(r,Q) CFT primary at p = g

nm



HKLL proposal/bulk reconstruction

Bulk - boundary map: @(z,p, Q) = O,(7,Q2) =Ilim lim G_AZ (l/fr?fm(faﬂa Q) + Wy, (T, P, QWZm)

0 T _
covpmaTe nm

What about inverse?

e

Boundary orthogonality of wavefunctions = Gy, X | dTdQy T, (7,Q)0,(7, Q)
Js

S| e O(1.p.Q) = | drdVK(z, p, Q7. Q)0,(7, Q)

7S5 \ e’

x G3_p(X; P)YO((X — P)°)



HKLL proposal/bulk reconstruction

* Only non-vanishing in “entanglement wedge”

» K can also be obtained as boundary limit of subject to boundary condition on

horizon

o

Boundary orthogonality of wavefunctions = G, & | drdQY T, (7,2)0,(7, Q)
Js

] O(z,p,Q) = | de'dQ'K(z,p,Q;7, Q)0 (', Q)

7§ \ e

X G3_A(X; P)O((X — P)2)

[Hamilton, Kabat, Litschytz, Lowe; Almheiri, Dong, Harlow, Hayden]



Towards a generalization of HKLL

* What about beyond the entanglement wedge?

* |sthere a basis of positive/negative energy wavetunctions labelled by points on boundary?

» Direct contact to flat space reconstruction:

C D
12 j
V




Towards a generalization of HKLL

* What about beyond the entanglement wedge?

* |sthere a basis of positive/negative energy wavetunctions labelled by points on boundary?

» Direct contact to flat space reconstruction: bulk flat space limit = contraction of so(3,2) to 4d Poincare

3
B‘Eﬁi 7




Wavefunctions from bulk-boundary propagators

so(3,2) covariance = wavefunctions constructed from AdS bulk-to-boundary propagators

o 1 shadow .
G, (X5 P) = X Pgio)p - > Gy A(X5 P) =

(=X P+ie)-A

 Unlike HKLL kernel, both contain normalizable and non-normalizable modes

O(,p, Q) = | ddQ, (G, (@0, 2%, Q)05 s, Q) + G, (7.0, 27,2,)04(z,2,))
JB

and choose a, f so that the non-normalizable mode cancels.



Wavefunctions from bulk-boundary propagators

so(3,2) covariance = wavefunctions constructed from AdS bulk-to-boundary propagators

o 1 shadow .
G, (X5 P) = X Pgio)p - > Gy A(X5 P) =

(=X P+ie)-A

 Unlike HKLL kernel, both contain normalizable and non-normalizable modes

Guess: D(z,p, Q) = d’cdep <O¥GA(T, P, L2; T,, Qp)53_A(Tp, Qp) + ﬁG3_A(T, P, 82; T)s Qp) @A(Tp, Qp)>
JpB

and choose a, f so that the non-normalizable mode cancels.

which time-ordering? Lorentzian shadow? Hermiticity?



New bulk reconstruction formulae

O(5.0.9) = | dnd, (aGL 000,057,951 45, Q) +GILE 0. 07,2045, 2,))

)s - D‘
B A
CPX)

Features:

* By construction solves KG eq. and is well-defined beyond entanglement wedge

[
\

» B such that components are positive/negative energy: mode expansions and bulk inner products

« Shadow = boundary non-locality: equivalent representations for A — 3 — A in either term

since modes of O ,_, are just linear combinations of modes of O



Mode expansion of bulk-boundary propagator

A
COS
» Decompose G, “(X;P) = = (cosp) into spherical harmonics:

(=X P+ ie)® <COS(T —17,) —sinp(2- Q) + ie)A

G, (X; P) = G{(X; P)O(z — 7,) + Gy (X; P)O(z, — 7)

-

Superposition of positive energy wavefunctions

— 27 + 1
G(X;P) = 2 ;
£=0

Cf(T o Tpap)Pf(Q ’ Qp)a

= 28T(A + ¢ + k . 3
AT — Ty, p) = 2 V(=1 ( : ) (cos p)2(sin p)l e T—HATHD B (—k, A+7+k—+¢;sin’ p)
= KID(A(5 + ) 2



Mode expansion of bulk-boundary propagator

A
COS
* Decompose GE'O'(X;P) = = (cosp) into spherical harmonics:

(=X P+ie)? <COS(T —17,) —sinp(L2- Q) + ie)A

G, (X; P) = G{(X; P)O(z — 7,) + Gy (X; P)O(z, — 7)

Superposition of positive energy wavefunctions

« Unlike ¥ ., (X), G,(X;P) don't diagonalize D (for fixed, arbitrary P)

ne’m

» Forz>1, GE'Q C positive energy subspace, while GA‘A"T'O' C negative energy subspace of solutions to eom

Bulk inner products?



Bulk inner product

* Follows from mode decomposition and the KG inner product of the standard wavefunctions:

+ + A+1 3/2F(A _%) +
(GX(X; P)), Gy(X; Py)),—, = 257 GE(P,,P,) =
['(A)
CFT 2-point function
(A — 1)
(GO (X Py), Gy O(X; Py, =28F 2 2" % (GX(Py, P)O(7y — 7))O(7y — 7,) — G5 (P}, P)O(7) — 7,)O(1, — 7))

r(A)



Bulk inner product

* Follows from mode decomposition and the KG inner product of the standard wavefunctions:

(A — %)

t+/v. t/v. _ A+1_3/2
(GE(X; P)), GE(X; Py)),_, = £ 2517 XIS

G;—“(Pl,Pz) —

CFT 2-point function

['(A — =)
<G§O(X, P1)9 GIO(X, P2)> — 2A+17[3/2 p)

=T r ( A)

X (G(Py, P)O(zy — 1)O(1y — 1) — G5 (Py, P)O(z; — 7)0(z, — 7))

e
| j/




Shadows

« Usually defined in Euclidean CFT: maps primary of dimension A to primary ofd — A

* Bulk-to-boundary propagators transtorm as:

B

d>P’

Jp (=P - P'—ig)’~A

d>P’

(—P - P +ie)y’—4

' _3
GEO(X, P/) _ em(A 2)72.3/22A+1 cos A

G, *(X;P)=0, PeB

[(A—2)

['(A)

G \O(X;P), PEB

S~

 Boundary integration region defined with respect to X: points in B mapped to B and vice versa

wol



« Similarly G;;%(X, P) and GATO (X, P) belong to the positive and negative energy subspaces

Bulk reconstruction, revisited

orovided that P € B and vice-versa for P € B

« We obtain a bulk reconstruction formula:

.0, = Y (Vnl®. 0, D!, + Y100, Dty ) = (2, Q) + Oz, p, )

nm

dt,dS2 G?TAO (7, p, 82T
JB

9p9

Q)0 4(

%
7,,82)) + @

B

dT d€2 G3T A (T, 85T

9p9

ZT
0
P 1
\
Q )07, Q)

oo



Bulk reconstruction, revisited

D(7,p,Q) = a| dr,dQ G0, p,Q:7,Q)0,(7,,Q) + a* | dr,dQ Gy X(z,p,Q;7,,Q)0,(7,, Q)
JB B

* Naively, the near-boundary limit gives the shadow operator with non-normalizable tall-off

* |In fact, consistency with the extrapolate dictionary follows from: -

232AT(AN(S — A)

—~— . P X
O3-4(P) ~ = SR 3 2 W em(Ts Q)arjfm Zfo
F(3 - A)F(A T 3) n,t,m /\

Pl P2
cancels against €72 from G,_, to give normalizable fall-off! ~_ -




Equivalent reconstruction formulae

D(7,p,Q) = a| dr,dQ,G3 (01, p,Q;7,Q)0,(7,,Q) + a* | dr,dQ G (7, p,Q:7,Q2)0,(7,,Q)

Jp JB
=a| dr,dQ,GATO(1,p,27,Q) 01 \(7,,Q) +a* | dr,dQ,GIO(1,p,Q7,Q) 05 ,(1,Q,)
Jp JB
P —
™ B GTO-  GATO
=" B(p>r) ¥ 4
B B(r>m) o 4




Equivalent reconstruction formulae

(7,0, Q) = a| dr,dQ,G;\(7,p,Q7,,Q,)0,(7,,Q,) +a* | dr,dQ,G3+ O (7, p, Q;7,, Q)0 (7, Q)

J g JB
= a| di,dQ,Gy% (. p.Qi7,,Q,) 01 \(1,Q) +a* | di,dQ,GrT0(1.p,Q2:1,Q,) 05 A(z,, Q)
J g JB
4 b C . B
™ B B GTO-  GATO
e N B(rp>7) ¢ o'
B 2 W B(r>m,) ¢*




Aside: Reconstruction from a boundary cut

* In Minkowski space, free bulk fields can be reconstructed in terms of their value at a boundary “cut":

U,=—q-x

D(u, r, Q) x | dQ,0,¢u,, Q)|

« Our formulas imply an AdS generalization of this fact for integer A:

A p—'®'p

. 1 A—1 1 , f2_|_rlg
O(r, 7, Q)  |dQ, [ —Q, - dg oY =0, +———0, | @, 7, Q) oy

Q- Qr £ /P(Q- Q)2 = 12 = )

where T, =Ty are solutionsto "% = .
- £ +ir

« AdS formula reduce to flat space Kirchhoft-Adhemar tormula at £ — co andfor A =1



Flat from AdS I: plane waves

(Bulk) flat space limit:  7=t/"!, p=rf~", ¢ — oo  with A = 00
0 o0 | o A2n 2int, A T\

GX(X’ P) = Z 2 2Ae—lA(T—Tp)e—A(1—21T)€2 p € ﬂ\/zf 1 g e’) p2n+fYLﬂO(Q : Qp)
n=0 £=0 n: '+ +n)

* resums into a plane wave using its definition in terms of spherical Bessel functions

D 42 2f + Di’j(—2imre™ )Y ,(Q - Q) = e
=0

« depending on time ordering, we obtain positive or negative frequency plane waves

r dd]_?)

GIX:P) x e = @, (X)—>#
A( ) AdS( ) d 20)(27Z)d

(e a'(p) + " a(p))




 Null foliation:

Gz'o'(P; X) =

Flat from AdS Il: Carrollian wavefunctions

D(X) =

XY =costr+sint?, X' =rQ.

1

A
<r cos(t — 7,) + £ sin(zr — 7,,) — r€2 - L2, + i€>

» Forinfinitesimal B, 7, = 7 — c(u — u,) and £ — oo:

O(r,r,Q) ="

r OO

“ M0+M

du

749)

P

P

1

p(u—up

+r(1-Q-Q) + ie)A

d*PGIO(P;X) O5_A(P) + | dr,dQ,GATOP;X) 0t (P)
JB JB

X* = —sinzr + cos 7

O35 A= u—u),Q)+h.c.

Carrollian positive energy wavefunction, boost eigenstate

— A
I _ 2#(FD) A1, Fiwg,x

00
dt eiia)tp
P
[ e (t —

—rQ-Q +ie)d  T(A)

[see review by Bagchi et. al. '25]

fix A

A=1




Flat from AdS Il: Carrollian wavefunctions

O(X) = | d®PGIO(P;X)O5_5(P) + | dr,dQ,GATO(P;X)0F_ ,(P) fix A
B B
* Null foliation: X' =coszr+sinzZ, X' =rQ!, X*= —sintr+ cosz’
1

Gz'o'(P; X) =

A
<r cos(t — 7,) + £ sin(zr — 7,,) — r€2 - L2, + i€>

» Forinfinitesimal B, 7, = 7 — c(u — u,) and £ — oo:

r 00 n 1 .
_ -1 - —1
R R R TP g are R s S R A U

“ M0+M

Carrollian primary identified with 3d CFT shadow!



so(3,1) covariant wavefunctions in 4d AdS

(R » Foliate AdS, with Euclidean AdS; and dS; surfaces

|
| T = 1T7/2
S
7

3
EAJS radius a:  —(X9)? + Z (X =—a% X*=+1VF2-a?
=1

I i\ la| € [0,7]
= )IT: —7/2
I l AdS ic: 2 _ o do 272
_________ 4 Metric: ds*=—7¢ PR + a‘dsy
Set £ = ags, = @Oy, +a~' (4a” = 3)0, + a(a” — 1)d;)

Look for wavefunctions that diagonalize

H;'

W\ (@, %:8,9) = fr )G} (314,

i, Gh.(%:9) = 8(6 — 2)G, (%:§)




so(3,1) covariant wavefunctions in 4d AdS

& =) [a‘25(5 ~2)+a”! (4a® = 3)0, + ala® — 1)6§)]fA,5(a) = A(A = 3)f, 5(@)

has solution

T T=—7/2 1 | _
' fa) = c,i%a% 2 F, S 46— 8), (6= 2+A4).6 a?

’ | _
+ci a0 F, 5(3 —5—A), E(A —5),2 -5, a?

Reqularity at the origin and t with flat limit = 2 T(6) 1
eqularity at the origin and agreement with flat space limi —
I 7 I P ,21-0(2 — §)




so(3,1) covariant wavefunctions in 4d AdS

|
\ g ‘.f';”/ T = —|—7‘(’/2
T - ,’ 7
: - - 7 7

< _Jr=-m/2

Decomposition of s0(3,2) rep.

into so(3,1) reps

Completeness follows from Sturm-Liouville theory with inner product

provided that

~ 1

(f,8) = | daa™"pu(a)f(a)g(a)

70

6=1+ik [EAdS; principal series]

dS slicing by setting a — ia

D(a, x) x

d/

d*Gf(a)G 1+M(an)@ 1-i2(q) +

d/

d*4f(i)G 134G 00, ()



Flat from AdS Ill: Conformal primary wavefunctions

Flat space limit: A — oo, ~ fixed

Restoring £ and using the series representation of the hypergeometric function:

(1A 5-24A o if(5+12_A+”)F(5_22+A+”)F(5) a®" (2 o]
241 3 s Uy ™ — — — - F(5 <_ I_ (la)
’ 2 ) 3 TGN e ia)
lim £y s(a) = ¢;(ia)"12°7 ' (6)I5_ (i) + ;.2 (i)' T2 — 8], _5(ir) x o~ 'K;5_, (i)
{~A—00
« Multiplied with the EAdS; propagator, we recover the of a massive particle

in flat space
[Pasterksi, Shao, Strominger '16; Sleight, Taronna '21-'26,...]



so(3,1) covariant wavefunctions in 4d AdS

» Construction of so(3,1) covariant wavefunctions misses points on the lightcone through the origin

» Foliate AdS, with lightcones through the origin

« s0(3,1) covariant solutions to the AdS, KG equation:

1 1
YA s(X; q) «x ,F, E(A - 5),5(A —o0o+1);A

1

(£%cost— £rsint)’ A

2 (£ cost—rsint)?

(rcost+7sint —r€2 - Q)°

« They become massless contformal primary wavefunctions in the flat space limit (£ — oo, fixed A)



Summary & outlook

 Revisited the canonical quantization of a free scalar in AdS,

 Positive and negative energy subspaces spanned by wavefunctions labelled by points on boundary

so(3,2) covariant bulk-to-boundary propagators with specified time orderings
which become plane waves (A — o0) or Carrollian wavefunctions (A fixed) in the flat limit

» Constructed wavefunctions labelled by points on codimension-1 surface on the boundary and

so(3,1) "boost” weight which become conformal primary wavefunctions in the flat limit



Summary & outlook

 Revisited the canonical quantization of a free scalar in AdS,

 Positive and negative energy subspaces spanned by wavefunctions labelled by points on boundary

so(3,2) covariant bulk-to-boundary propagators with specified time orderings
which become plane waves (A — o0) or Carrollian wavefunctions (A fixed) in the flat limit

» Constructed wavefunctions labelled by points on codimension-1 surface on the boundary and

so(3,1) "boost” weight which become conformal primary wavefunctions in the flat limit

Could the decomposition of (A)dS/CFT observables in this basis reveal infinite “symmetry” algebras?

[Himwich, Pate ‘25, Strominger, Wei '26]



Thank youl



