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Scattering amplituoles

learn about a thing by throwing something at it

Suprising simplicity and hidden structure

v

search for new conceptual formulations and gateway to new physics.

Profusion of fascinating results in scattering amplitudes from
on-shell methods 1n a franslation 1nvariant basis.

Novel insights from making Lorentz symmetry manifest:

celestial ampLLtudes



Holography principle
learn about a thing by studying the dual’ thing

Duality between quantum gravity on a manifold and
a field theory on its boundary.

A >0 time emerges ?

space emerges

A<O

dual
celestial CFT ?

quantum
gravity
in
flat space




Flat space holography: why?

dual
celestial CFT ?

quantum
gravity
n
flat space

Asymptotically flat space 1s good approximation to
many processes in the universe.

Non-perturbative definition of quantum gravity.

Black hole information and microscopic entropy.

New 1nsights into (bulk) QFT scattering via
(boundary) CFT inspired methods.



Asywptotically flat space

Quantum gravity: metric fluctuates

1 .
= flat + — corrections

Radiative data at future null infinity 7™

un, NA, CAB}

Bondi mass gravitational data/shear

aspect :
angular momentum = Bondi news

aspect
Nap = 0,Cyp

mass angular momentum

ds* = — (1 +...)du2—(2+...)dudr+(...)dudxA+(rzyAB+rCAB+...)dxAde



Flat space holography: how?

Challenges:

asymptotic boundary 1s null (Carrollian structure)

(as opposed to timelike in AdS)

asymptotic boundary 1s "leaky" (non-zero news)

(as opposed to "box" in AdS)

Poincare group enhanced to co dim BMS group

translations — supertranslations
rotations & boosts — superrotations

Soft gravitons, memory, IR divergences...



Celestial holography

Quantum gravity in &  "Celestial CFT" on
D = d + 2 dimensional S @ null boundary

asymptotically flat bulk

Lorentz group in Euclidean conformal

exploits: “ : . . . .
D=d+2 dimensions group in d dimensions

112

S-matrix as celestial amplitude:

boost<0ut| S | in>boost — <@€All,]l(x1)' o @Xn,]n(xn)>celestial CFT



Plan

Asymptotically flat space and the S-matrix

memory effects | soft theorems | asymptotic symmetries

S-matrix as celestial amplitude

celestial CF'T operators & conformal primary wavefunctions

Universal aspects of celestial amplitudes

analytic structure, celestial OPEs, hidden properties

Celestial symmetries

asymptotic symmetries from celestial currents, conformally soft theorems,

conformal multiplets, oo dimensional holographic symmetry algebras

Summary & outlook



S-matrix

C" basic observable in quantum gravity in asymptotially flat space
Holographic flavor

Initial and final states for massless
particles prepared 1n terms of data at
past and future null infinity ¥~ and #*:
energy w;, direction z;

M — H >
. — €w.qd.\Z;, I; ) .
p i ! ’ql ( ! l) sign ¢; for in (-) and out (+)




S-matrix

C" basic observable in quantum gravity in asymptotially flat space
Holographic flavor o it

Initial and final states for massless
particles prepared 1n terms of data at
past and future null infinity ¥~ and #*:
energy w;, direction z;

M — H >
. — €w.qd.\Z;, I; ) .
p i ! ’ql ( ! l) sign ¢; for in (-) and out (+)

Asymptotic data can be presented in different bases:

. Cr boost weight or 1
null time T ’% A Rindler energy
Fourier transform U w Mellin transform
+00 o0
fluy =[ dwe™f(w) J doo® f(w) = $(A)
—00 0

Each basis highlights distinct aspects of physics.



Extrapolate dictlona ry

Operators living in 3-dimensional space b X CP' where b € {w, u, A}
defined via boundary limit of bulk operators:

1. spin-s bulk operator 0%(X)

2. wavefunction @, (X: b, z, 7) satisfying the free spin-s eom transforming
under appropriate bulk (s) and boundary (R) reps of Poincare

3. 1nner product ( ., . )y for single particle wavefunction defined on a
Cauchy slice 2, from symplectic product €2(.,.) = i(.,.* )y

we can construct the boundary operator:
Ox(,2,2) = (O (X), Pp(X_,, 2,2)")x

incoming vs outgoing modes selected by X = XY ie



Extrapolate dictlona ry

Operators living in 3-dimensional space b X CP! where b € {w, u, A}
defined via boundary limit of bulk operators:

. A . &’k v
1. spin-s bulk operator O°(X) O"=(X) ~ J oo e Hale

2. wavefunction @, (X: b, z, 7) satisfying the free spin-s eom transforming
under appropriate bulk (s) and boundary (R) reps of Poincare ¢ . .=

3. 1nner product ( ., . )y for single particle wavefunction defined on a
Cauchy slice 2, from symplectic product €2(.,.) = i(.,.* )y

Q(P, D)y, = J d>X cp?xocb' = i(®, D)
we can construct the boundary operator: %

O4(b,2,2) = i(O(X), DR(X_,, 2. 2)%)s

incoming vs outgoing modes selected by X = XY ie



Infrared aspects of gravity
‘z@% asymptotic symmetries %
N

Ward
identity

vacuum
transition

Infrared
Triangle

pd N
< 7
memory effects Fourier soft theorems
transform
SO PITRBIIE >‘< Softpolex‘>‘<
.. energy — 0
position-space momentum-space

Memory effects and soft theorems are related by a basis change:
F
U <— @

= uncover potentially observational signatures of soft physics



S-matrix as celestral ampLituole

What are all the symmetries of nature?

Aim of celestial holographer: make max # of symmetries manifest to

determine constraints on consistent S-matrix = A basis!

w <5 A N

o

< out‘ onl in in (€1 _ (56 _
prpi S prpy (03 @1 20)---0% ;@ Z)

out

= uncover hidden structures / symmetries of amplitudes



Three bases for scattering

position momentum boost

A(u) z A(w) <—ﬂ> A(A)



Three bases for scattering

position momentum boost

A(u) z A(w) <—ﬂ> A(A)

memory effects

v

+00
J dun- f =0
/ :
— constraint



Three bases for scattering

position momentum boost

A(u) 7 A(w) Pt A(A)

memory effects  soft theorems

+0o0 J i g w .
J dun- =0 w W a
oo / -

constraint

(out | a ()8 |in) = Z Z Slgi)i(outl S |in)

/ ; ;
soft insertion i ketin.out}



Three bases for scattering

position momentum boost

A(u) 7 A(w) Pt A(A)

memory effects soft theorems symmetries

v

+00
J dun- =0
e I

constraint

(out | a ()8 |in) = Z Z Slgi)i(outl S |in)

/ ; ;
soft insertion i ketin.out}

1 € + €n — A(i)i € €n

Jim (&, + (O, ...0% ;0% )= » o8 (0% ,..0% )
: [ ke{in,out}

Ward identity for celestial current



celestial basts

For S-matrix elements we specify on-shell momenta for in and out states:

massive particles massless particles

p*=—m’ p>=0

m ) o i
pﬂzz—y(l + 7+ ww, w4+ w, i(w — w),1 —y* — ww) PP =wo(l + 27,7+ 7,i(Z — 2),1 — 27)



celestial basts

For S-matrix elements we specify on-shell momenta for in and out states:

massive particles massless particles
2 2
P = p2 = ()
p,u = %(1 +y2 +ww,w+w,ilw—w),l — y2 — WW) p/‘ =w(l+2z2Z,z+7Z,i1(Z—2),1 —z2)
Holographic map:
®d * dw
[ = [wesoammzac) | o)
0o Y 0 @

bulk-to-boundary

propagator Mellin transtform

For CFT correlators we specify the conformal dimension A of the operators
and the point (z, 7) on S where they are inserted.



Celestial ampLLtuole

For massless scattering the map 1s a Mellin transform:

momentum-space amplitude celestial amplitude
A \(w;, €15 2, Z) = (out | S| in) M (A I3 7> T) = <H @Z, ;@ 2))
i=1

manifest translation symmetry manifest conformal symmetry



Celestial Operators

5 (2,2) = i(0°(X), @y Xy 2,2)%)s

Conformal primary wavefunction:

+b az+b -
waro K ) = (cz+ A (@ + )P DA, (XH;2,7)

3+1D spin-s representation of the Lorentz algebra

(I)SA,J <Aﬂ1/X y;

| | az+b 17+ b
bulk point  X* = A" XY boundary point z 7 s = o
cz+d cz+d

ad—bc=1=ad—-bé

Lorentz transformation conformal transformation

4D spin-s field under Lorentz transformations

2D conformal primary with conformal dimension A and spin J



Conformal prima ry wavefunctions

Mellin transform of plane wave:

_ > _1 +iwgX. (F0)T(A)
PAXE W, W) = JO dow® le—f‘IX— = Ca XP

H — 4 H
pm = =T wq
\/Eef = 0.4" polarizations p ~ o _
\V2et = 0,q" ¢ g" = +z2Z,2+ 7,1z —2),1 —z2)



Conformal prima ry wavefunctions

Mellin transform of plane wave:

_ > _1 +iwgX. (F0)T(A)
PAXE W, W) = JO dow® le—?qX— = Ca XP

\/Eeﬁ = 0.4" polarizations p ~ o _
\V2et = 0,q" ¢ g" = +z2Z,2+ 7,1z —2),1 —z2)

Spinning conformal primaries:

H K4 €+.X H
1 m-= = €. q J=+1
— (—q-X)
(_Q°X)A mt = et + e X g J=-1
(—q - X)
Ap J=t1:y = M, P Ap j=-1 u = M,Pp



Spectrvcm
e

d
J_a)wA what is A? A eR,Z,C,free parameter?

f),

Conformal primary wavefunctions @, 1(X;52,2)

form a o-fct normalizable basis when the conformal dimension 1s

A € 1 + iR ... principal continuous series of the SL(2,C) Lorentz group.



Spectrvcm

—o®  what is A? A € R, Z,C, free parameter?
4,

J‘da) Ve

Conformal primary wavefunctions @, ,(X;z,Z)

form a o-fct normalizable basis when the conformal dimension 1s

A € 1 + iR ... principal continuous series of the SL(2,C) Lorentz group.

kA,J [ ZZ, @A,](Z/7 Z/)

0, ,_ 7,7)) =—1\|d
/ 2—-A, 12, 2) I (z — 7))2-A-J(7 — 7)2-A+]

Conformal primary s/adow wavefunctions 52_ A _/X;2,2)

form equally good o-fct normalizable basis when A € 1 + iR.



Spectrvcm

ga)A what is A? A € R, Z,C, free parameter?

J‘da) Ve

Conformal primary wavefunctions @, ,(X;z,Z)

form a o-fct normalizable basis when the conformal dimension 1s

A € 1 + iR ... principal continuous series of the SL(2,C) Lorentz group.

kA,] [ ZZ, @A,](Z/a Z/)

0, ,_ 7,7)) =—1\|d
/ 2—-A, 12, 2) I (z — 7))2-A-J(7 — 7)2-A+]

Conformal primary s/adow wavefunctions 52_ A _/(X;2,2)
form equally good o-fct normalizable basis when A € 1 + iR.

Asymptotic symmetries and conformally soft factorization of
celestial amplitudes for A € | — Z_ (s € Z)!

Obtained by analytic continuation off the principal series.



ANna Lgtio structure t

(focus on massless four-point scattering of scalars)

All information about the scattering 1s encoded in the analytic structure of celestial
amplitudes as functions of net boost weight / dual to the center of mass energy and a
conformally mnvariant cross ratio on the sphere z related to the bulk scattering angle:

/v s=—(p+p) t=—(p+p)5 u=—(p+py)°
A (D1 Py, D3 Ps) = A5, D6V (py + py + p3 + py)
[
M(B202) = K(Bp2.2) | dow? AW, - 0?00 -

/ ©

4
conformally covariant structure + p = 2 A, 7= —— =

universal conformally invariant function i—1 <12434



ANna Lgtio structure t

(focus on massless four-point scattering of scalars)

All information about the scattering 1s encoded in the analytic structure of celestial
amplitudes as functions of net boost weight / dual to the center of mass energy and a
conformally mnvariant cross ratio on the sphere z related to the bulk scattering angle:

/v s==(p+p)’ t==(p+py)’, u=—(p+py)’
A J(P1s P2 D3 Pg) = A(s, D6 (py + py + p3 + py)
R
M 4(A;, 7, 7)) = K(A,, 25, Zi)J dwwﬂ_lA(a)za — 6022)5(2 —2)

/ SR -

conformally covariant structure + p = 2 A, I=E——=

universal conformally invariant function i—1 § <12434

Anti-Wilsonian paradigm: integral is over all center of mass energies!
Thus momentum-space amplitudes need to have sufficiently soft behavior
at high energies for the celestial amplitudes to be well-defined.



Ana Lgtic structure

Low point celestial amplitudes have kinematic singularities:

d,(p!) = A(p!) 69 Y p!)
J



Ana Lgtio structure

Low point celestial amplitudes have kinematic singularities:

QEZG)]- 0]:%

d,(p!) = AP 59 Y pl)
Y

/A n(Aj; Z; ZJ-) is singular



Ana Lgtio structure

Low point celestial amplitudes have kinematic singularities:

-
Q= : :—J
2 %~ a

J

7 oo dw; A, 00 A—1T1TN | Ai—1
[T, )5 = o () =g daes I, [  dog ™ 6(X, 0= D)

d,(p!) = AP 59 Y pl)
Y

/A n(Aj; Z: ZJ-) is singular

Recent work o-fct — power-law using shadow & twistor transforms

and by computing celestial amplitudes on non-trivial backgrounds.

relates celestial amplitudes to AdS Witten diagrams



Gravity = Gauge Tlaeorgz

manifest translation symmetry

gluon amplitude

color kinematic

MM 5<4><2p”> Z

7, propagator

yel’
double kinematic
copy ) functions
(o)
<4>( Z ) Z s
yEF

graviton amphtude



C.m\/i,tg = qauge T’heorgz

/%(.):" @G)A(.)
. o 0 @ °
manifest translation symmetry — manifest conformal symmetry
gluon amplitude celestial gluon amplitude
color kinematic D,y
v
ngYM 5(4)( Zp’u) Z ﬂYM — Z c N ﬂscalar
}, propagator n Yy v n
yel’ vel
double kinematic kinematic celestial
copy C = 7 functions operat;)rs c N 21811)1516
n(w) N (e%)
“ p v
5 Z Z — G _ 2 g7scalar
(2.P) MG =N N2M
yEF yel’
graviton amphtude celestial graviton amplitude

= Operator-valued celestial double copy



Gravity = Gauge Tlaeorgz

/1(.):[ Ao a0
. o 0 @ °
manifest translation symmetry — manifest conformal symmetry
gluon amplitude celestial gluon amplitude
color kinematic D,y
v
gQYYM 5(4)( Zp’u) Z ﬂYM — 2 c N ﬂscalar
propagator n Yy v n
yEF yel’
double kinematic kinematic celestial
copy C = 7 functions operatsrs c N S;);l;le
n(w) N (e%)
“ p v
5 Z Z — G _ 2 g7scalar
(2.P) MG =N N2M
yEF yel’
graviton amphtude celestial graviton amplitude

= Operator-valued celestial double copy

Path towards double copy in curved space operator-valued?

E.g. operator-valued double copy for ambitwistor strings in AdS



OPEs from collinear Limits |

The collinear limit of 4D momentum
space scattering amplitudes extracts
the singularities 1n the 2D celestial
operator product expansion (OPE):

WL _
plllp] <> Zij:Zi_Zj_}O
le = el-a)l.(l + Z,-Z,-, Z;+ Zi’ l(zl - Zi),l - ZiZi)

'holomorphic' [imit




OPEs from collinear Limits |

The collinear limit of 4D momentum
space scattering amplitudes extracts
the singularities 1n the 2D celestial
operator product expansion (OPE):

H H —
pi ||p] <> Zij:Zi_Zj_)O
plfu = €l-(1)l-(1 + ZiZlﬁ, < + Zi’ l(Zl — Zi)’l — lezl')

'holomorphic' l[imit

Collinear divergences from "splitting" of 1 1

Y

massless virtual particle into collinear pair (pi+p)*  pi D

universal form extracted from 3-pt vertices

Z ™ % *

J .
«Q@l,...,fn(l?la---apn) — ZSpllt?l.fj(l?i’Pj)ﬂfl...f...fn(l?p---aPa---aPn)

combined momentum of collinear pair: pr — Pl + pjﬂ w, = 0+,



OPEs from collinear Limits I

The collinear limit of 4D momentum
space scattering amplitudes extracts
the singularities 1n the 2D celestial
operator product expansion (OPE):

Mellin transform and
change variables

only t-dependence from splitting factor:

|

'L (y)

B(x,y) = [ dir='(1 -1~ = A

0 ['(x+vy)
Split! _ 1 o a _\ /b _ if e . .

y = ij
5 K Zij W} i . K Zjj ) i
Splity,(p,, pj) = — E On, 422 204, 42( Z) ~ — E;B(Ai — LA = DO} 4a, 423 Z)
Zij a)l'a)j ]

Celestial OPEs also from ambitwistor worldsheet.



PoLncaré s ymmetry

Lorentz transformations: [, L, ., L, L.,
- ~ (h.h)=S(A+J, A=)

(L, 05 (2 D1 = 2" ((m+ Dh + 20,) 0, ;(2,2)

Lorentz invariance of celestial amplitudes — global conformal Ward identity:

i LYA, =0
j=1



PoLncaré s ymmetry

Lorentz transformations: [, L, ., L, L.,
- ~ (h.h)=S(A+J, A=)

(L, 05 (2, D1 = 2" ((m + Dh + 20,) 05 (2, 2)

Lorentz invariance of celestial amplitudes — global conformal Ward identity:
Y L, =0
j=1

Translations: GpH — + qﬂeaA weight-shifting operator

=+ (1+z27,2+7i(Z—2),1 —z7)et)?

1 - 70 3
P_i_i =—(g) ig’)
= 141 _ Lol
[Pis 0512 D] = e2**22%20¢ | (2,2) e
) 27 2 Pi%,i%z E(g)lilgﬂ)

Translation invariance — relates celestial amplitudes with shifted weights:

n

Y PO, =0
j=1



PoLncaré — BMS

[Lm’ Ln] — (m o n)Lm+n [Lmv P k,l] — (% o k)P k+m,l [P k1> P k/,zf] =0

m,ne {—1,0,+ 1} a mn € ”Z

N § 1
k,l—i2 k,leZ

BMS supertranslations and superrotations:

£, = <f(xA) + %DAYA(xA)>0u + YA M,



PoLncaré — BMS

[Lm’ Ln] — (m o n)Lm+n [Lmv P k,l] — (% o k)P k+m,l [P k1> P k/,zf] =0

m,ne {—1,0,+ 1} a m,n € 7

_ 4+ 1 1
k,l_i2 k,lezz

BMS supertranslations and superrotations:

& g = (£ + 5DV )9, + Yo, .

Ny
Translations:  f(x")  eg &yl =0, @‘

4+6=10 Poincare generators
Lorentz: YA(x?) global CKVs =



PoLncaré — BMS

IL,.L,]=(m—-n)L,,, (L, Prgl = (% — k)P k+m,l [P kI’ P k,,l,] =0

m,ne {—1,0,+ 1} a m,n € 7

_ 4+ 1 1
k,l_i2 k,lezz

BMS supertranslations and superrotations:

& g = (£ + 5DV )9, + Yo, .

</ L NS
Translations:  f(x")  eg &yl =0, @‘

Lorentz: YA(x?) global CK Vs

BMS = Supertranslations X Lorentz

co generators!

4+6=10 Poincare generators

extended . i
generalized BMS = Supertranslations X Superrotations

local CK Vs Virasoro
YAty —
Perspective from spatial infinty: talk by M. Henneaux. arbitrary Diff($“)



conformal Goldstones

@A,] — Q(éa (I)A,J)Z—nf

canonical charge for asymptotic symmetry

Pure gauge wavefunctions: for values of A for which @, ; is pure gauge
G —
AA=1,J;,u o V,uAgauge

G _ 1
hA=1,J;/u/ o V(,u v) V,MV A

vt rgravity

G _ 0
hA=O,J;,uv — V(//t V)
TG _ 2
hA:2,J;,uI/ — V(,M )



Conformal Goldstones

@A,J — Q(éa CI)A,J)Z—NY

canonical charge for asymptotic symmetry

Pure gauge wavefunctions: for values of A for which @, ; is pure gauge
AC Al gy = =V MAgaug . — large gauge transformation
h$ Al gy = = V5, u =V VDAgmmy — BMS supertranslation
2
0 o |
Mo = Vi) Diff(s?) |
— Sup errotation (related by shadow transform)

_ 2 :
h A=D Ty = V(ﬂ D) Virasoro



AsyY mp’co’cic sy mmetyrLes

4D (asymptotic) symmetries generated by 2D celestial currents!

-~ Oy = Q(O, (DTA,J)Z—UZ

asymptotic symmetry generator pure gauge A € %Z

1 1 1 ! j large U(1)

% % % w7 S & S large SUSY
2 1 1 ! @ supertranslation
2 0 2 ' f]: & f/} superrotation

2D stress tensor!



Conformally soft photon

# Leading soft photon: $‘< >‘<

lim (A — DA (AT =+ 1,27 A, 7, z)—z

A—1 =1 < — Kk

%(Azz)

- y
<j'Z@AI’Jl ot @An"ln> = Z : <@AI Jl @An"ln>
/ =1 < — 3

(h,h) = (1,0)
@ © ® ©
® ® R = X ® R

Celestial analogue of 4D soft theorems = 2D Ward identities



Conformally soft graviton

e [.cading soft graviton:

lim (A — D (AT =+2,2,7 A, 2, z)———ZZ_Z"
A—1 Zk

k=1 °
2,
<‘@Z@All 0 An ) Z

M (A + 1.2, Z)

@6‘
-7 A1 JiT Ak+1 W/ >

\
shifted weights



Conformally soft graviton

e [.cading soft graviton:

72— 2

lim (A — DA (A, T = +2.2,7; l,zl,z)———z
A—1 — I

k= 1
k"@zﬁzm O :__Z

e Sub-leading soft graviton:

diagonal in boost basis

€1 + €n
@Aljl @Ak+1Jk @A J>

nvn

Z— Zf

\
shifted weights

shadow of A = O: ] / ]
i hj aWj
(T ..0° O ) = + (O O )
), WAL AL il | (Z _ Zj)2 7 — Zj_ ALy T AL

2D stress tensor
Enhancement of global to local conformal supports prospect of celestial CFT.



Conformally soft graviton

e [.cading soft graviton:

Z—7Z
lim (A — D, (A, J = +2,2,%; l,zl,z)———Z :
A—1 — I

k= 1
k”@zﬁzm O :__Z

e Sub-leading soft graviton:

diagonal in boost basis

n €
2= 2 Alfl @Ak“fk @An,f,)

T\
shifted weights

shadow of A = 0: ] / ]
n . )
(705,050 = 3 | —s + | (05,05 )
/ 1-Y1 nvn 1 (Z—Z])z Z—Z] 1-Y1 nvn

2D stress tensor
Enhancement of global to local conformal supports prospect of celestial CFT.

Celestial analogue of 4D soft theorems = 2D Ward identities



OPEs from s Ymmetry

The 2D celestial operator product
expansion (OPE) coefficients can be
extracted from symmetry.

B nH _
pi ||p] <> Zij=Zi_Zj_>O
pl,u = Giwi(l + Z,-Zl-, < + Zi’ l(Zl - Zl‘),l - ZiZi)

'holomorphic' limit

OPE ansatz _ _ Ljj _
9 .7)0 )~ —LC(ALA)O (2.7
(for gravity): 2,422 2O 42(2,Z) Z; (A5 3)04 1 4:42(3 Z)



OPEs from s Ymmetry

The 2D celestial operator product
expansion (OPE) coefficients can be
extracted from symmetry.

B nH _
pi ||p] <> Zij=Zi_Zj_>O
pl,u = GiG)i(l + Z,-Zl-, < + Zi’ l(Zl - Zl‘),l - ZiZi)

'holomorphic' limit

OPE ansatz _ _ Ljj _
9 .7)0 )~ —LC(ALA)O (2.7
(for gravity): 2,422 2O 42(2,Z) Z; (A5 3)04 1 4:42(3 Z)

o Translation invariance: C(A,A)=C(A;+ LAY+ C(A, A+ 1)



OPEs from s Ymmetry

The 2D celestial operator product
expansion (OPE) coefficients can be
extracted from symmetry.

BT nH _
pi ||p] <> le=Zi_Zj_>O
pl,u = Giwi(l + Z,-Zl-, 7, + Zi’ l(zl - Zl‘),l - ZiZi)

'holomorphic' limit

OPE ansatz _ _ Ljj _
9 .7)0 )~ —LC(ALA)O (2.7
(for gravity): 2,422 2O 42(2,Z) Z; (A5 3)04 1 4:42(3 Z)

o Translation invariance: C(A,A)=C(A;+ LAY+ C(A, A+ 1)

. " 1 1
o Residue of pole at A; — 1 fixed by leading soft graviton theorem: iim1 C(A; ) ~ — % A1




OPEs from s Y mm&trg

The 2D celestial operator product
expansion (OPE) coefficients can be

extracted from symmetry.

H H —
pi ||pj <_> Zi]‘=Zl‘_Zj_>O
plfu = €l-0)l-(1 + Zl-Z,-, <; + Zi’ l(Z, - Zl'),l — Z,‘Zi)

'holomorphic' limit

Zji _
0n, 120 500,123 5) ~ —C(AL AYO 47123, 5)

OPE ansatz
(for gravity): g Z;

O Translation invariance: C(A,A)=CA;+ LAY+ C(A, A+ 1)
k 1

o Residue of pole at A, — 1 fixed by leading soft graviton theorem: ilm1 C(A;,A) ~ = 2A-1

o Subsubleading soft graviton: extra recursion relation



OPEs from s Y mmetrg

The 2D celestial operator product
expansion (OPE) coefficients can be

extracted from symmetry.

H H —
pi ||pj <_> Zi]‘=Zl‘_Zj_>O
pl = w1 + 27,2,z + 2, 1(Z; — 2),1 — 2,Z;)

'holomorphic' limit

Zji _
0n, 120 500,123 5) ~ —C(AL AYO 47123, 5)

OPE ansatz
(for gravity): g Z;

o Translation invariance: C(A,A)=CA;+ LAY+ C(A, A+ 1)
k 1

o Residue of pole at A, — 1 fixed by leading soft graviton theorem: ilm1 C(A;,A) ~ = 2A-1

o Subsubleading soft graviton: extra recursion relation
: x Z;
Celestlal OPE @Ai,+2(zi)@A,-,+2(Zj) ~ ——JB(Ai - LA - 1)@AI-+AJ-;+2(Z]')
of gravitons: | 2 z;j

Streamlined OPE derivation with descendants from Poincaré symmetry.



Conforma Ly soft s Y mmnetrLes

Celestial operator:
r OO

Op (2,2 = | doo*'0,_[(w,z7)
JO

Expand for o < w::

O/w,z,2) = 2 wk@J,k(Za 2)
k

Conformally soft limit:

lim (A +n)0, (z,7) = lim (A +n) Z J dow”™ 10, =0, (z,7)
A——n ’ A——n ’ ’
r 20

picks out O(w") term in expansion around @ = 0. n=-—101,..



Conformal muLtLpLets LN CCFT

O A 4(0,0) creates state | A, h) with weights i = %(A +J), h= %(A —J).

For operators with i = %, h = % for k,k € Z_, primary descendants

L*,0, ;,L* 0, ,decouple in correlation functions — conservation law.

)

0, ;, 00, ,

5l_€®h,;—l

'celestial diamond'




Conformal muLtLpLets LN CCFT

O A 5(0,0) creates state |h h) with Weights h = l(A +J),h= l(A —J).

For operators with 7 = k ,h = T for k,k € Z_, primary descendants

LX.0, ,,L" 0, decouple in correlation functions — conservation law.

)

0, ;, 00, ,

conformal
Fadeev-Kulish
dressing

5l_€®h,;—l

' , , ' soft theorem
celestial diamond

soft charge

akéé(@hﬁ
— @wﬂ Osof = Ja’zzé(z 2) - Oy

2D Ward identities from insertion of currents 9 =0,,, & 0j=0,,



celestial diamonds

Three types of primary descendants 1n celestial CFT:

e | —5s< A <1+ s:Goldstones o

Asymptotic symmetry currents from pure gauge wavefunctions.

22



celestial diamonds

Three types of primary descendants 1n celestial CFT:

e | —5s< A <1+ s:Goldstones o

Asymptotic symmetry currents from pure gauge wavefunctions.

22

e A =1 —gs:Goldstone-like 'Goldilocks'

J
Degenerate diamond: primary with A = 1 — s descends to primary
with A" = 1 4+ 5. Non-obvious asymptotic symmetry interpretation.

S T

Important for constraining celestial OPEs



celestial diamonds

Three types of primary descendants 1n celestial CFT:

e | —5s< A <1+ s:Goldstones o

Asymptotic symmetry currents from pure gauge wavefunctions.

22

e A =1 —gs:Goldstone-like 'Goldilocks' 5

Degenerate diamond: primary with A = 1 — s descends to primary
with A" = 1 4+ 5. Non-obvious asymptotic symmetry interpretation.

S T

Important for constraining celestial OPEs.

e A < 1 —s:Goldstone-like tower 4

Level-n descendant of A = 1 — s — n primary 1s naively O.
Holographic symmetry algebras (wy, ) highly non-trivial! 0



Holographic symwmetry algebras

The tower of celestial symmetry generators 1n gauge theory and gravity

A _1; A __ 13
e—0 e—0

A=10,-1,... A=21,0,-1,...

form closed algebral!



Holographic symwmetry algebras

The tower of celestial symmetry generators 1n gauge theory and gravity

A _1; A __ 13
e—0 e—0

A=10,-1,... A=210,-1,...
form closed algebral!

Compute the commutators of modes in truncated antiholomorphic expansion
1(2—k)

l(l—k) k k
’ R¥%(z H (z
v @) HYz,2) = <

R(z,2) = )
Fntg (k=1 1 Fh+3(k=2)

1 (ke
n==(k=1) n==(k=2)

from the OPE of conformally soft currents and after rescaling:

(RO RED = —gf PRy, s  whowil = Im(g = D) = n(p = DIwDE

Il
—_
() o8
o
I\;IUI

wedge algebra of wy,



Holographic symwmetry algebras

The tower of celestial symmetry generators 1n gauge theory and gravity

A _1; A __ 13
e—0 e—0

A=10,-1,... A=210,-1,...
form closed algebral!

Compute the commutators of modes in truncated antiholomorphic expansion

%(l_k) Rk’a(Z)
Rk,Cl i ) — n Hk Z, Z —
(z2) Z Zn+%(k—l z2)

1 (ke
n==(k=1) n==(k=2)

+(2—k
v Hi

Zn+%(k—2)

from the OPE of conformally soft currents and after rescaling:

(RO RED = —gf PRy, s  whowil = Im(g = D) = n(p = DIwDE

Il

—
() o8
o
l\;lkh

wedge algebra of wy,

Derivable from asymptotic Einstein equations.

Exact in self-dual gravity.

Wi, Irom twistor space.

Relation to twisted holography.



Celestial Triangle

Asymptotic symmetries related to memory effects (IR Triangle).

Their 1dentification can be obsured (subleading soft modes:
divergent gauge parameter or no obvious pure gauge mode).



Celestial Triangle

Asymptotic symmetries related to memory effects (IR Triangle).

Their 1dentification can be obsured (subleading soft modes:
divergent gauge parameter or no obvious pure gauge mode).

Basis-independent statement: symplectically paired Goldstone
& Memory like modes and a Ward identity for their insertions.

Celestial
Softtheorem  ~  Ward identity 2~ Memory effect

symplectically paired

Goldstone  <— Memory



S rg

S-matrix as celestial amplitude:

o)

O

O

reorganizes (conformally) soft and collinear (OPE) behavior
probes all energy scales — sensitive to deep UV!

reveals co tower of conformally soft symmetries

BMS only C symmetries of Nature!

reveals new structures/properties of amplitudes?

New framework for tackling quantum
gravity in asymptotically flat spacetimes.






Exploration of celestial territory has only begun!




