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Outline

→ Generalized Primaries

→ Celestial Operators via { inner product
extrapolate diet.

A systematic treatment of the conformal
→ Celestial Diamonds

{
shadow rein's multiple-1s reveals surprising connections . . .

soft charges
dressings Susy OPES EFTS Dressings ¥Null states BMS Fluxes Currents

→ A Celestial Pyramid Shadows shockwaves



A conformal primary wavefunction is a function of a bulk point X
"

and a reference

point W C- 1C which transforms as follows

☒ Is /AIX
" ;EI-÷

, t-kw-dp-JK-w-i-d-P-JD.sn/II,-lXiw.w-l

where Ds is the spin
- s rep .

of the Lorentz group . Radiative conformal primaries
are ☒§

,,
with 5- IJI that solve the appropriate source free linearized eom .



A conformal primary wavefunction is a function of a bulk point X
"

and a reference

point W C- 1C which transforms as follows

☒ Is /AIX
" ;EI-¥

, t-kw-dp-JK-w-i-d-P-JD.sn/ID?-lXiw.w-l

where Ds is the spin
- s rep .

of the Lorentz group . For generalized conformal primaries
we do not impose such additional restrictions .



Taking an inner product of such a wavefunction with the field operator gives a (quasi
-)primary

operator with 2D conformal dimension S and spin I

0¥ (w
,
E) = i 1^04×4

,
Io§*

,
-g- HE iw ,w-DED

,J

By taking a wavefunction-based approach we can

1> Illuminate what relations hold at the level of the kinematics
.

I> Give a bulk interpretation of the CCFT states we are creating .



The building blocks for such wavefunctions are :

☐ A generalized scalar primary wavefunction 9§^=fHYf¥s + distributional options

☐ A tetrad { lie
,
nm

,
mm

,
ñnm } t spin frame {0,0, ↳ I} with definite Suze) weights .

l^= -99¥ nM=✗^+¥l" mm -_ Ef + {
+
✗ em m-tl-E-M-E.tl

"

s : 0 0 0

%
J : 0 + I - I

obey the standard orthonormality conditions

d- n= - l m .m- =/ l2=n2=m2=lm=n -m=O m_ =/Mlt

and further decompose into a spin frame

too n=LE m=ot ñn=cO where o=F?× /F) c=¥X%µ0
s : 0 0

J : +Yz - Yz



For a given s we can construct wavefunctions with 151<-5 by taking tensor products

{ e.nimm} ✗ (¥1s ✗ fail
0,0 ,

L
,
I

looking at the case s=l as an example

Am
☐
,
0=(17,1×2) + nmfzlx'D t¥sD, -5-+1 =m"fÑ)(¥s A

"

We see that 151=5 + primary amounts to a gauge -fixing .

As expected , the radiative solutions

are f(✗2) = c. + cat -✗2)
☐ -1

corresponding to = Mellin f shadow modes
.



The question of the operator spectrum is two-fold

1>151--5 D= Hit us SEE

☐ 151<5 play what role ?

Let's consider the radiative solutions first
.

For Red =L the spacetime fall-offs are standard .

The saddlepoint approximation gives us an extrapolate- style dictionary .

it
, hmu =§±I¥¥¥[EI?a✗eiu×+E%aIéi9×]
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However we want to be able to explored analytically continued off the principal series .

Indeed
, many interesting currents lie at special values of ☐ ¢ Hit .

G)Od,s=i(O , IOoq.gs
c. pure gauge wÉ

1J / A soft -1hm .
Current Asymisym .

1 1 w
"

J large v11 )

3/2 42 W
-1/2 S large SUSY

2 1 w
"

P supertranslations

0 WO T superrotations /Diff/54



While some of these S can be identified by demanding that the radiative primaries be pure
gauge ,

there are more sub- leading soft theorems with a less obvious ASG interpretation .

These are all nicely captured by Celestial Diamonds .

A primary state: 41h ,ñ>
=-414,57=0 h= £1s-1J) F- £1s - J )

✓
0

will have a primary descendant at level
- k when : 41L - ,)

"
1h
,
-h> = -K /2h-1k - 1) 1L - , /

" "

1h
,
-47=0

similarly for E-i. When both conditions are met we get nested primaries :
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Because the hermiticity conditions of the 40 boosts differ from standard radial
quantization , we should take care not to conflate primary descendants and null states .

radial quantization CCFT

4.
+
=L

- i Lik -ti

th
, ,ñ , 11L - , )

" / ha
,
52> = 1h

, ,
-411L -11442,52> =

Khih , KY ) / L . ,/
""

the ,ñz)=0 1- 1h
, ,ñ ,

/ IF / It , /
""

1h, ,ñz>¥0

Understanding the out - states and the 2D state operator correspondence is an
active topic .

Here we will just need

1h ,ñ > <→ One ⇒ L
. ,
⇐ Jw



Now there are an infinite tower of radiative primaries for which the primary
descendants vanish identically andthe 542,0) multiple-1s are finite dimensional .

151=5 D= t - s - n n c-23 ⇒ JÉ Efs
-n

,
-
s=JÉ^Ifs-n ,-5-0

These radiative modes appear at the top of their corresponding diamonds .

11=1-S - M
,
J = - s)

i
nlzstn) states {
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Meanwhile
,
the soft modes from our earlier table of Edi, appear at the

left t right corners of their respective diamonds .

D= I + s - n OD
,Ju

> ⑤2-☐ ,
-J

Q[y]=JdZO
soft

- YD
'
= Its J

'
= { - s -11

,

. . .

,
S - l} 0%-1c-

For a given diamond the left to right corners are each other's shadows .

* o÷÷=¥,rñw '

They descend to operators generating asymptotic symmetry transformations .



The modes at the bottom corner are generalized primaries with 151 < s .

By adding generalized primaries with D= 1- s at the top corner , we complete
the nested submodule structure

.

@dress

%
, J
,

%
, J
,

> 02-D ,
-J

> ⑤2-D ,
-J

v
v Osoft

For each conformally soft theorem there are paired Goldstone S Memory diamonds
which capture the spontaneous symmetry breaking dynamics of CCFT.



The most subheading soft theorems in momentum space correspond to degenerate
diamonds

.
The radiative primaries at D= I - S descend to their own shadows .

D= Its
%

, J

08

D= Its J
'
= - J £2

-D ,
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Leading conformal ly soft Graviton

<

Boroso

am →µ,naan , n,,,,, redundancy |tied to descendany relations .

→ ie variant of parent is the Aichelburg
Sext geometry .

sooooo



Sub leading conformal ly soft Graviton

BAR
^

room
→ 1=0 soft limit f stress tensor appear
in the same diamond .

→ Dual stress tensor appears in the

symplectically paired diamond .

rooms
~



This structure easily generalizes to arbitrary m=o fields
42 integer spin .

>

while completing the celestial diamonds leads us to the
conformally soft dressings .

r r



FK dressings can be adapted to the conformal basis .
For EPM

W ;= exp [ - eQ ; f¥÷pÉo ( Etna - E✗ µ at )] = ei Qi
Iott ; it ;)

c- D= I TSLl 2 ,E) ascendant

and we see that the dressings take the form of a vertex operator .

The celestial amplitudes then factorize

A =A soft 1- hard
where

A soft = (eiQ.IO/ZiEil...eiQnEk-niEn1 )

while 1-hard equals the amplitude for dressed operators .



The spontaneous symmetry breaking dynamics for 4D asymptotic symmetries
is captured by simple 2D models

Large
- V11 ) ⇒ free boson

with the important observation that the levels of the 2D current algebra are
set by cusp anomalous dimensions in 4D.

( Iolz
,
E) Idw

,
inD= 4%2 1nA ,=p In / z - w 12



When we include supersymmetry , conformal ly soft theorems of different spin
are related by the supercharges

Q=J⑦1q> e¥2 , 05=0-197 ebb .

These spin -shifting symmetries tie together the celestial diamonds of different s
,

which stack together into a celestial pyramid .



Indeed
,
achiral subalgebra of the global super- poincaré multiple-1 structure

[E% ,

I-17=0 + {
G-KOI 5,05=0

As As + O§of+=¥!JÉOs
Os

-112 D
,
S

ÉyzO§
,
5- ☐+1/2,5-42

explains why the parameters for Susy-related soft -1hm = ASG identities match
.



We have shown how a systematic treatment of global primary descendants
connects the stories of -

. .

global sym top corners
pyramid stacking

SUSY OPES EFTS Dressings ¥Null states BMS Fluxes Currents

☒s Shockwaves

bottom corners left fright corners
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