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Abstract: Celestial Holography proposes a duality between gravitational scattering in asymptotically flat spacetimes and a conformal field theory
living on the celestial sphere. The main motivation for this program comes from the connection between soft theorems and asymptotic symmetries
in asymptotically flat spacetimes, and our ability to recast soft operators as currents in a codimension 2 CFT.

We present a streamlined route from asymptotic symmetries in 4D asymptotically flat spacetimes to currentsin a 2D celestial CFT in a manner that
makes their relation to QFT soft theorems manifest. We use this to re-examine the bulk picture of radia evolution in the 2D theory and reconcile the
construction of chargesin CCFT with the more familiar construction from AdS/CFT, despite the differing codimension.

In the process, we point out how the Carrollian and Celestial perspectives amount to dicing the bulk and boundary in different ways -- our celestial
slices cut through the usual corner! -- and emphasize how these perspectives inform each other.

Based on 2201.06805, 2202.11127 and 2205.10901
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Celestial Holography proposes a duality between gravitational geattering in asymptotically flat spacetimes
and a CFT living on the celestial sphere.

%
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Synopsis

The advantage of this program ig that it reorganizeg gcattering in terme of eymmetrieg.

In particular, an so-dimengional enhancement coming from the agymptotic symmetry group.

The symmetrieg are further enhanced when we congider all conformally eoft modes.

Thege additional symmetries should put interesting constrainte on the S-matrix.

The radial quantization perspective plays a crucial role in each cage.
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4. Soft Thm = Ward Id

5. Fluxes ag Chargeg

6. Soft and Hard Sectorg

7. Towers of Symmetrieg

8. Celegtial ve Carrollian
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Goal: Apply the holographic principle to A=0 quantum gravity.

Plan: Celestial Holography propoges that the natural dual eyetem liveg on the celestial ephere.
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We can merge agpects of the two standard precedents for our hologram...
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... by pughing our Cauchy slice to seri to prepare the in and out states with operators on the boundary.
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For example taking r—> oo, u- fixed the plane wave localizes...

X »tpc’u—lp‘”r(lio’am “1Pu. 3 Blen
@t i-c F P°r SN0

... and we can prepare an m=0 momentum eigenctate with the boundary limit of our bulk operator
gmeared on a generator 0{}‘%

1pX -\pX
l’lMu-— ‘y('l'[ﬂ} 2P melp +E,i\; O:t{@ P J

We can uge thie to see how the features of the S-matrix lift to the gpacetime picture and vice versa.
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An intuitive way to gee thig ig to look at the boost images of both. [n the bulk we eweep out hyperplanes through
X=0 with gpace-like normal.

On the celestial gphere circlee map to circlee under Mobiug trangformatione.
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An intuitive way to gee thig ig to look at the boost images of both. [n the bulk we eweep out hyperplanes through
X'=0 with space-like normal.

X ) *\
(V

On the celestial gphere circlee map to circlee under Mobiug trangformatione.
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Regidual diffeomorphisme that preserve the falloffe and act non-trivially on the asymptotic data are part
of the Agymptotic Symmetry Group.

A”owe:ﬁ S\Nmme'i’vles
Trvial %mmlﬂeﬁ

ASG =

The ASG will be much larger than the group of icometries of any given spacetime within thig clage.

pcjtﬂComé < B M 5

#agnercdocs 1o oo

<> Supertranglationg induce angle-dependent shiff in the time coordinate
%‘I* :}(zﬁ\ Jl-s-

$ Superrotationg extend global conformal transformations to local CKVs.

KA NS R 4 CAVERSS
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Once we've identified the residual gauge parameter there are quite a few steps to show

which ie the starting point of the celestial holography program since these Ward identities further look
like oneg in a 20 CFT.
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|. Take a Cauchy lice

2. Pugh it down to E;fo define [in>

3. Pugh it up to )f to define <out|

4. Evaluate the canonical charges on both glices

5. Uge antipodal matehing to equate L-< L. data
6. Uge the congtraint eq. < ibp to write Q ag a flux

7. Ingert thig operator in S-matrix elemente and uge the oft thm to chow

Zod\ @I e )5 Stats =6
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The chargee in gauge theory are co-dimengion 2. I [ ift a path C on the celestial sphere to a co-dimendion |
hypereurface 27 of the bulk that rune along the generatore of } [ have

:BC () = faf * 1 ()

¢
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Let ug uge the Ull) cage ags an example. The gauge transformation
B2 AL Ry
ie generated by the canonical charge with 2-~form
o= o F=2 B, dAdxY

For an ordinary Cauchy glice D7 = S e °

@f[l\\ = }fi:b j\%"l Lzl 2 (2 ﬁj

By contrast if we pull back thig form to the bndy 2, we have

QC(AW = *iS&&L@CC&XA;\E—AC\{CBFEQ* &ﬂ C()ﬂ‘{'ﬁg.
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On the equationg of motion

Vea & e :J‘*'
A P R SR

where 4" ig the Noether current
: L. A
= S R
(f we apply thie to slices pushed to the conformal boundary
SRR U2 =2 U

we have a natural gplit into hard and goft contributiong on 9}’
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The radial = Rindler picture let's ug jump directly to the statement that coft operatore in the bulk generate
symmetrieg on the celectial sphere.

We algo gee that our co-dimension 2 hologram ie consictent with AdS/CFT expectations for how bulk and
boundary eymmetrieg are related.

Can we further ee why thig bagig i a better way to present the flat space hologram?
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Let ug uge the Ull) cage as an example. The gauge transformation
Bt 2 ARy 0
ie generated by the canonical charge with 2-~form
U= 2 FE F=2 E., dAdx”

For an ordinary Cauchy glice D7 = '@ °

@f[l\\ = }\TCD j\%"l L2¥v 2 (¢ ﬁj

By contrast if we pull back thic form to the bndy 2, we have

QC(AW = 'iS&%@CC&XA;\GAC\{CBFEQ* &ﬂ C()ﬂ‘{'ﬁg.
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The choice A= 570 picks out a celestial current

—

=y e 3= - ln S Fg

generating a U(l) Kac-Moody symmetry

y@) O, (2,2). . Onlen za) = T 2L T, (2,2). . Onlzn,za))

Thig ugeg a shadow redundancy. In 4D we can algo isolate a single helicity term using the magnetic dual
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e compoe into res o ¢

%\)5 *Qu=0 ] (2, )

VitaSoro
built fom $in-s radickive BMY

bult fon MO.HE’(‘ twA0
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Conider the sL(2,C) multiplet etructure. A primary etate:
LIk =L 0>=0

will have a primary descendant at level-k when:

Ly (L T = - (2nete DL T =0

gimilarly for T-.. When both conditiong are met we get nested primaries:

Iz =G
e

The statement that a primary descendant decouples gives a congerved current!
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Lete stick to the linearized cage and congider the subleading goft graviton.

Op Memorub &mrm&&‘@os
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The main interegt in the boost bagie comes from how these stateg couple to the eubleading soft graviton.

[ s i o (15 e, o) = o, ()]

Our quagi-primaries get promoted to Viragoro primaries when we turn on gravity.

(T,, 0. Oy = Zlgset 2 <o G
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The candidate CCFT stregs tengor corresponds to a memory obgervable symplectically paired with
the superrotation Goldstone mode

—CFT _—'g i

2 | S5z N i -\ 2
F -g'[tC— dzﬁ{aq jiiu_%hu‘—czz C-;; = (u-l- L\ _E‘ia—',-lb’éc‘

Demanding the coft and hard operators traneforme covariantly under the full ASG ag a conformal

field with these weightse provides higher order corrections.
lemcl\f\% ekt camulfu\n

)
= d itz g ) i
T=§ 50 S (23 Tonz -DRO-BENO_3F e BN
1
SLAhlmdlni sott %m\rllror\

OD‘SV’L\,R = L, 'L‘h@lé")kﬁ\ e %52@53@’"'“1@

[D‘-“ N\'-'L--\, p\t&%‘\t_owl‘\ /2| ]
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Now we commonly considered scattering around the trivial superrotation vacuum

.0 e
The remaining terme almost look like the propoged loop correction
= | a1 = T (0)\ rlo) = lof= (o])
AT‘*{\Y@M;& LN )\( e 3N aDN
i) i T
T dw. contou MEMOny uS. Goldstone

(He, kapee, Poclarin, Strominge e /(7]
/ =1 / Eﬂ

Trost 4he %\Jmm@'l'(‘l@S ',
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That derivation predated our underetanding of the eupertranglation vertex operatore.
et 7 (2L ,‘ b
Do B, wdy el

Thig leading soft sector exhibite a Kac-Moody like eymmetry

A \

- e s \ ~ .
p:qL(;ﬁM(o\) P‘\DC : P?. PMNQ Q}’\)dw R Q{@du

G
i

(_Himm‘( A / Mmfbujaﬂﬁﬂ /Q.&-e ) @uu.k ) S]Lnum'wﬁcﬁer : ZD]

The off diagonal level structure implies an ambiguity when there are no other goft ingertiong

D < -4 NO

Vimlac to our TCFT‘—‘Q@ S@.Q‘h)csl.
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Conider the sL(2,C) multiplet etructure. A primary etate:
LIk =L 0>=0

will have a primary descendant at level-k when:

L (L0 a1 = - (2nete DL T W =0

cimilarly for T-.. When both conditiong are met we get nested primaries:

Iz -G
EYREY

The ctatement that primary descendante decouple giveg ug a tower of eymmetries!
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Momentum space coft theoreme give poleg in the celestial amplitude

e (N e RS ot o A T

Diépiscy

Factorizationg at varioug ordere in «,~0 imply factorizations of the residues
a¢ A — gpecial values
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Thig can yield a much richer symmetry structure. For instance the gingle helicity sector of gravity

p-n-\ -
B = EY‘E%D Cj‘lo““ﬁ 1(2 %\ Z FZ n\\—(P'fn\ \H[Z)

n=-p

exhibite an L, . Symmetry

D_ﬁ\ mMm+n

Wh=9shwhle) (R 83 T2 mig-N-alp-0)l

where thege commutators are computed from the celestial OPEs uging a complexification of the standard
radial quantization prescription.
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Colestial vs Caenllion
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Ag we've emphagized here the Celestial program looke at Rindler evolution of the bulk and boundary.

Benefite
> Soft thme are canonical charges

> Inand out come together antipodally

b Decoupling of primary degcendants
implies infinite tower of symmetrieg

f%\\(\q&\@f‘ = &(&L&\
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By contragt, if we Fourier trangform our in and out states we have correlatorg on a null 3-manifold.

|seues
> Connecting in and out

> Null time coordinate

> Charge non-congervation
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The position bagig lends itself to

> going from boundary to bulk

> ASQG identification

> memory effect experimente

la it phygical to introduce over leading gauge traneformatione?
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Synopsis

The advantage of thig program ig that it reorganizes scattering in terme of symmetries.

In particular, an so-dimengional enhancement coming from the agymptotic symmetry group.

The symmetrieg are further enhanced when we coneider all conformally soft modes.

Thege additional symmetries should put interesting constraints on the S-matrix.

The radial quantization perspective playe a crucial role in each cage.
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