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What about other entries i the holographic dictionary?
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Q1: Is there an analogous relation 1n asymptotically flat spacetimes?



Motivation

2. Proposed observability of vacuum spacetime fluctuations:
[Verlinde, Zurek ’19, '22]

K(z) = | duX*(2)T,,(u,z) = X*(2) [ X"(2)

r.

K=| d%*K() (bulk) area operator bilinear in X*, X"
J g2

[...,dafferis, Lewkowycz, Maldacena, Suh ’15]
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[Verlinde, Zurek ’19, '22]

2. Proposed observability of vacuum spacetime fluctuations: \\ L

K(z) = | duX*(2)T,,(u,z) = X*(2) [ X"(2)

K=| d*K (2)
J g2

Assume that: [(X"(2), X'(z)] x Gy6P(z, 7)) =
[‘tHooft '96]
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Motivation

[Verlinde, Zurek ’19, '22]

2. Proposed observability of vacuum spacetime fluctuations: \\

K(z) = | duX"(2)T, (u, z) = X"“(2) (1 X" (2)

K= J d*zK(7)
SZ

In contrast, graviton fluctuations (hh) o £5... [....Carney, Karydas, Sivaramakrishnan24]

Q2: Can we define K in 4d AFS and compute 1ts fluctuations?
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Motivation

2. Proposed observability of vacuum spacetime fluctuations: L
[Verlinde, Zurek ’19, '22]

R(2) = | duX"@)T,(u,2) = X*(2) O X*(2) o

~ " ~ V
K=\ d?zK(2)
J g2

In contrast, graviton fluctuations (hh) o £5... [....Carney, Karydas, Sivaramakrishnan24]

(L]

Hint: Shockwave solutions to EE related to Minkowski + gravitational memory by gauge transformation

[Verlinde/2 '92; ...; He, A.R., Zurek ‘23]
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Main results & outline

1. On-shell action 1n the IR sector of 4d AES as generating function tor CF1, current correlators

2. A relation between K and the soft supertranslation charge

 Soft modes 1n 4d AFS

* Boundary (on-shell) action 1in the (leading) soft sector of 4d AFS

* Soft charge fluctuations



Asymptotically Flat Spacetimes (AES)

u
Solutions to the Einstein eq. at large r: /

2m
ds? = dsf/ﬁnk rCZZa’z2 - rCZZa,’Z2 | 5 du?
r
C.(u,z,7) .  shear, free data \
N _\ . o _ V
N, (u,z,2) = 0,C.(u,2,2) : news (gravitational radiation)

Equations of motion determine the subleading components in terms of C_, eg. :

| , 1
G,=0 = aumB=Z(D N-+DZNZZ)—ZN N..

7722 7722




LLeading soft sector in AFS

Restrict to shear profiles of the form:
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<L
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N(z,7) 1s related to a soft graviton:

duN,, = D*N=AC,, N,=0,C..
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LLeading soft sector in AFS

Restrict to shear profiles of the form:

C..= — 2D?C(z,7) + D2N(z, 7)O(u — uy)

<L

C(z,2) labels the vacuum degeneracy

N(z,7) 1s related to a soft graviton:

dulN,, = DZ2N = AC,, < gravitational memory [Strominger, Zhiboedov *14]

C and N are canonically paired variables of the leading IR sector of 4d AFS



LLeading soft sector in AFS

Variation of Lagrangian form:

oL = EOM - 6g + df(g,02)

1 n
O(g. 5g) = d
(8- 28) 327:GJ u

1

167G

Jdu

d*z

[lyer, Wald '94]

Einstem-Hilbert action evaluated on asymptotically flat solution labeled by the soft shear:

_ l 2A722 . l 232 . _
45mB+45(()ZN()ZN) S(u u0)+25(dZCdZN+h.c.)5(u ™

d*z (026COIN + h.c.) 8(u — uy)



LLeading soft sector in AFS

Variation of Lagrangian form:

oL = EOM - 6g + dO(g, 0g) [lyer, Wald "94]

Einstem-Hilbert action evaluated on asymptotically flat solution labeled by the soft shear:
5(--) = 6%(-+)=0

O(g, 69) = —— [ au [ a2z |4 Ls (oNa Ls (2R J
(8:08) = 5 — | du | d’z | 4my + -0 (0ZNo2N) 6(u = up) + = (07CO:N+h.c.)5(u— uy)

: Jdu ndzz(825C62N+h.c.)5(u—u) — 00(g,dg) = : pdzz(@zéC/\@géN+h.c.)
162G ) . e ’ | 167G . Z Z

k» symplectic form




Leading soft sector 1n AES

—> (C and N are canonically paired with bracket:

[N(Z, Z), C(W, v'v)] = 4iG ‘ —WwW ‘210g ‘ —Ww ‘2 [He, Lysov, Mitra, Strominger '14]

O(g,08) =

du
327G ) |
o
du
162G | |

d*z

_ 1

Einstein-Hilbert action evaluated on asymptotically flat solution labeled by the soft shear:

(0ZNOZN) S(u — ug) + %5 (02CO:N +h.c.) 8(u — uy)

d*z (026CIN + h.c. ) 8(u — uy)



Boundary action in AFES

O(g, 59) =
(g, 08) 9mC

1

J

167G |

du

du

d*z

4omy + 5 (0ZNOZN) 8(u — ug) + s (0COEN+h.c.)8u—u )_
B A 2°'7Z 0 N 277Z T 0

A’z (026COEN +h.c.) S(u—uy) +

In order for variational principle to be well defined:

1. Add boundary action to cancel the first line

fd B r 1 1 7]
S™ = Sgn+ Sharys Shary, = d*z |4 | dumg + ZagNagN + (0CON+h.c.)
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2. Impose boundary conditions, so that the second line vanishes = 6C =0 or N=0



Boundary action in AFES

— 1 " ” 2 _4 1 2 A7 72 1 232 h 5 -
O(3.08) = oo | du | d’z |46mp + - (0ZNOZN) 8(u — ug) + 50 (0COEN+ h.c.) 8(u — uy)

1
167G |

du | d*z (026COIN + h.c.)d(u—uy)  +

In order for variational principle to be well defined:

1. Add boundary action to cancel the first line

| R O I | 1 1 _
R _ _ 2 2 A7A2 232
57 = Seg + Svbary,  Obdry. = 392G d-z _4u dump + Z8ZN82N+ > (8ZC02N+ h.c. )

2. Impose boundary conditions, so that the second line vanishes —|6C =0|or N =0

k since N = 0 would otherwise set the gravitational

memory to 0



Boundary action in AFES

| 1 1 ‘
SR = d*z |4 JdumB + ZagNagN + (0COEN+h.c.)

327G |

» my dependence can be traded for @(Nz) term by constraint, coefficient 1s divergent (related to Weinberg soft S-matrix?)

[Weinberg ’65]
* Linearize in N (keeping the C background fixed)
. S(?I?—shell becomes gauge invariant after adding a corner term o dzzégNdZC [Donnelly, Freidel 16]
: : ST —. ¢IR L[ o oo
« Also including the contribution from % : §™© = e d-z0;No;C
AV AN




Boundary action in AFES

| 1 1 ‘
SR = e d°z |4 JdumB + ZagNagN + (0COEN+h.c.)

» my dependence can be traded for O(N 2) term by constraint, coefficient 1s divergent (related to Weinberg soft S-matrix?)

[Weinberg ’65]
* Linearize in N (keeping the C background fixed)
. S(?I?—shell becomes gauge invariant after adding a corner term dzzagNdZC [Donnelly, Freidel 16]
: : : : — oIR 1 n 27 2 A732 : :
 Also including the contribution from #: § = e d“z0;Nd;C  a) generating function for Kac-Moody current correlators
T o

b) soft supertranslation charge



a) Current correlators in 2d CFT

Associate with SR

on—shel

[N, C] the partition function:

Z|C| = [dN]e_SgE—shell[N’C]

« /(] 1s the generating function for 2d correlators of Kac-Moody (supertranslation) currents

(these are dual to soft gravitons 1n 4d) [He, Lysov, Mitra, Strominger ’14]

* The on-shell action agrees with the action derived from a 2d effective action of Goldstone

modes after integrating in the memory/soft mode [Himwich, Narayanan, Pate, Paul, Strominger '20;
Kapec, Mitra '21]

* Potentially related to partition function for edge modes [Donnelly, Wall *14, ...Chen, A.R., Myers *24]



b) Soft supertranslation charge

Supertranslation charge in 4d AFS:

]
Qf=C — % szZC(Z, Z)mB(Za Z) ]\7ZZ = a§N5(u — MO) .
— Qg = d’z0?Co2N = S™® + O(N?)

1 _
- 167G J g+ dudZZC(Z’ Z)<O§NZZ T h.c. ) T QH

-

Os

* ( 1s a function



b) Soft supertranslation charge

Supertranslation charge in 4d AFS:

1
O =7~ szzC(z, 2)mp(z, 2) N, = 0°Né(u — uy)
L =

= "6:G ) .. dud*z2C(z,2)(0:Ns=+ h.c.) + Qy

-

s

— d’z0?Co2N = S™® + O(N?)

* ( 1s a function

» Promote C to an operator (recall {C, N} # 0):

d 228?@ 6§N




Soft charge fluctuations?

When myz = 0 (but in the presence of matter) the supertranslation charge vanishes and Qg+ Oy =0

This is condition is equivalent to the G,, = T" constraint:

S(w) Mz, 2) = T (u,z,7) = ndﬂf(ﬁ) h = Jdu ndﬂf(ﬂ)T%

—QS QH=K

. A 7> A 2 A A
- In vacua with my =0, Qyx K = (AQ§) x (AK®) ~ ?/7]% [provided that f— C]



Summary

The on-shell action for the (leading) soft sector of gravity in (3+1)d AFS 1s non-trivial

Fixing the zero mode of the shear (Goldstone), we recover the generating function for 2d correlators of

Kac-Moody currents dual to 4d soft gravitons

The boundary action 1s related to the soft component of the supertranslation charge

Allowing for the Goldstone to fluctuate leads to a new soft charge operator whose fluctuations are enhanced

by an IR scale (related to the arca of the celestial sphere)



Outlook

* Why should C be promoted to an operator? Finite size causal diamonds?
* Relation to edge modes and entanglement 1n gravitational theories in AFS?

« How could vacuum spacetime fluctuations be experimentally probed? Can we measure QS?
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* Why should C be promoted to an operator? Finite size causal diamonds?
* Relation to edge modes and entanglement 1n gravitational theories in AFS?

« How could vacuum spacetime fluctuations be experimentally probed? Can we measure QS?

Thank you!



Extra shides



Current correlators in 2d CFT

Ayy [ . .
Weinberg soft S-matrix S=e™', I «log AUV d*zJ ,J%  reproduced from 2d effective action of Goldstones:
IR -
[Kapec, Mitra '21]
e T = | [dCle=5tlC1-8ulCl — S [C]l x |d?2C ,(z,7) C%(z, 2), C..=—20?C pure gauge

« |d*zJ, CP

* In the presence of external soft gravitons, integrate in soft graviton N and

further demand that J[dN e PsonlV-Cl = =5l Cl = 71 (O]
« 5.V, C] agrees (at least to linear order in V) with the on-shell action we found!

[He, Lysov, Mitra, Strominger ’14]



