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The spacetime of the universe

Maximally symmetric spacetimes relevant for our universe:

® A >0 de Sitter
e A =0 Minkowski

® A <0 Anti de Sitter
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The spacetime of the universe

Maximally symmetric spacetimes relevant for our universe:

®* A > 0 de Sitter:
= spacetime of universe @ cosmological scale

* A =0 Minkowski:
= spacetime @ scales > black hole throat and < cosmological

* A <0 Anti de Sitter:
= spacetime near black holes with M = Q or M? = J
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Holographic structure of spacetime

Beautiful story unfolded over past ~20 years that revealed detailed
holographic structure of quantum gravity in AdS and dS spacetime:
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Holographic structure of spacetime

Beautiful story unfolded over past ~20 years that revealed detailed
holographic structure of quantum gravity in AdS and dS spacetime:

® Anti de Sitter: Identification of symmetries of AdS with
proposed dual holographic conformal field theory at the
boundary at spatial infinity = AdS/CFT with space emergent.
Negative cosmological constant: “Quantum gravity in a box”.

® de Sitter: Identification of symmetries of dS with proposed dual
conformal structure at the boundary in the future = dS/CFT

with time emergent. Positive cosmological constant: no box.

® Minkowski: What are the symmetries? Is there a dual CFT?
Where does it live? What are its properties? ...
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Holographic screen of AdS spacetime

» Ground-breaking tool: AdS/CFT correspondence (holography)

[Maldacena’97]

DS

NN
)(m' \i Quantum gravity in Anti de Sitter space
AV T

Conformal Field Theory on boundary
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Black hole information in AdS

» Ground-breaking tool: AdS/CFT correspondence (holography)

[Strominger,Vafa’96; Strominger’97]

perfect match!
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Black hole information in AdS

» Ground-breaking tool: AdS/CFT correspondence (holography)

[Strominger,Vafa’96; Strominger’97]

Information encoded at boundary

/ of Anti de Sitter space!

perfect match!
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Holographic screen of Minkowski spacetime
» Novel development: flat space holography?

4D spacetime encoded on 2D celestial sphere?

\\\N\\\\\\\\\\\\\\\\

A
i
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Black hole information in Minkowski

Flat space

Information encoded at boundary

/ of flat space = celestial sphere ¢

celestial CFT 7
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Outline

I. INFRARED PHYSICS asymptotic symmetries

Ward
identity

vacuum
transition

memory effects Fourier soft theorems
transform

II. CELESTIAL SPHERE: FLAT SPACE HOLOGRAPHY?
® 4D S-matrix < 2D correlator

® 4D spacetime symmetries <> 2D conformal soft primaries
® 4D memory effects < 2D conformal memory primaries
4D soft theorems « 2D conformal soft theorems

4D collinear singularities <> 2D OPE coefficients
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I. INFRARED PHYSICS

asymptotic symmetries

Ward
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vacuum
transition

memory effects Fourier soft theorems
transform
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Causal structure of Minkowski spacetime

Natural holographic screen: conformal boundary of Minkowski space

null infinity Z = CS? x R
it “celestial sphere”

ds® = —du® — 2dudr + 2r*y.:dzdz
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The infrared triangle

General relativity
A | asymptotic symmetries

9,9)
supertranslations superrotations
vacuum Ward
transition identity
memory effects Fourier | soft theorems |
transform
Observation Quantum field theory
><= soft poleX ¥
position-space enerey = 0 momentum-space
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Asymptotic symmetries

allowed gauge symmetry

Asymptotic Symmetry Group = ——;
trivial gauge symmetry

¢ choose boundary conditions
strong enough to avoid pathologies, weak
enough to allow all relevant configurations

¢ find residual gauge/diffeos
respecting boundary conditions
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Asymptotic symmetries

allowed gauge symmetry

Asymptotic Symmetry Group = ——;
trivial gauge symmetry

¢ choose boundary conditions
strong enough to avoid pathologies, weak
enough to allow all relevant configurations

¢ find residual gauge/diffeos
respecting boundary conditions

antipodal matching as —

= o of charge conservation laws

[Strominger’13]
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Asymptotic symmetries

Large gauge symmetry: §. A, = 0,c with ¢ = £(2,2)
Qf =5 rexF=5§ exF=Q-
- +

— Electric charge conservation
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Asymptotically flat space

ds* = — du? + 2dudr 4 21%~ 2 dzdz ... flat space
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Asymptotically flat space

[Bondi,van der Burg,Metzner,Sachs’62]
ds? = — du® + 2dudr + 2% zdzdz ... flat space

2m
+ 2B 2 4 rC,d2 + DO, dudz + c.o+
;

+ % (%l (N, + ud,mp) — iaz(szC’zz)> dudz+ c.c+ ...

* mp...Bondi mass aspect
® (,,...free gravitational data

® N,...angular momentum aspect
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Asymptotic symmetries

Large gauge symmetry: 6. A, = 0,e with ¢ = £(2,2)
Qf = 5 rexF= E%SI;(;‘*F: Q=
— Electric charge conservation
[Bondi,van der Burg,Metzner,Sachs’62]
Supertranslations: & = f0, with /= f(z 2)
O = gmg g Pavafmp = - Pryafmp = O

— Energy conservation
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Asymptotic symmetries

Large gauge symmetry: 6. A, = 0,e with ¢ = £(2,2)
Qf = 5 rexF= E%SI;(;‘*F: Q=
— Electric charge conservation
[Bondi,van der Burg,Metzner,Sachs’62]
Supertranslations: & = f0, with /= f(z 2)
Q;r = ﬁ SIf Pzyzfmp = SIJ: Pzyzfmp = QF

— Energy conservation

[deBoer,Solodukhin][Banks][Barnich, Troessart]
Superrotations: (y = Y?0, + §D,Y?0, + c.c. with Y7 = V(2 2)
Qy= gag It PaAYeNz+ Y2N2) = g1 frm @AYaNz+ YaN) =0y

— Angular momentum conservation
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Soft theorems

€q—0

= soft factor x + 0(¢°)

(out|ay (q)S|in) (out|S|in)
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QED:
4,1
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S(_)_F = 62 M [Bloch,Nordsiek]|[Low] ...
. Prd
Gravity:
T M
et
SB_‘_ =V 87TGZ % [Weinberg]
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Soft theorems < Asymptotic symmetries

soft theorems

: l :eq—>0

(out|as (q)S|in)

QED:

et Py Qk
S+ e p:q
Gravity:
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—i/8r Gy, el Tex
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ypk Dy
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asymptotic symmetries
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superrotations:
Cy=Y0.+ 5D, Y?0, + c.c.
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Soft theorems < Asymptotic symmetries

soft theorems

Ward ID

€q—0
= soft factor X + 0(¢")

(out|aw(q)S|in) (out|S|in)
QED: )
St =eY, €uPi @k ;:chk QFS_5Q:=0
Gravity:
§ = VEROy, Bt e
mzk LTy Q;Sﬂ;zo

Pr-q

asymptotic symmetries
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large gauge symmetry:
0c A, = 0ue
supertranslations:
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Memory effects

Asymptotlcally flat space: [Bondi,van der Burg,Metzner,Sachs’62]
ds? = — du® + 2dudr + 21~z dzdz
2
+ ﬂduz + rC,d2? + D?*C.dudz + c.o+
T

1
4+ =
T

<§ (N, + ud,mp) — iaz(czzc*”)) dudz+ c.c+ ...

-

relative angular separation
s(z, 2) of detectors
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Memory effects

Asymptotlcally ﬂat space: [Bondi,van der Burg,Metzner,Sachs’62]
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Memory effects

Asymptotlcally ﬂat space: [Bondi,van der Burg,Metzner,Sachs’62]
ds? = — du® + 2dudr + 21~z dzdz

2
+ ﬂduz + 7C,,d22 + D*Chydudz + c.c+
r

41 <§ (N, + udsmp) — iaz(czzc*”)) dudz+ c.c+ ...
T

geodesic deviation

‘ 72’7226332 = - Ruzuzsz
N

= r
— 2 z
‘ gravitational memory effect
S et ,72;7,
relative angular separation Z z
s(z,z) of detectors As® = 2 A CZZS

[ZePdovich,Polnarev’74][Braginski, Thorne’87][Christodoulou’91] [Blanchet,Damour’92] ...
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Soft theorems < Memory effects

soft theorems

elementary particle collisions
[Weinberg’65]
The dominance of the 1/(p-g) pole in (2.5) implies
that the effect of attaching one soft-graviton line to an

arbitrary diagram is to supply a factor equal to the
sum of (2.5) over all external lines in the diagram

(8xG)V2 g TP Dn’/[Pn- g—inae]. @7

memory effects

black hole/neutron star collisions
[Braginsky, Thorne’87]

permanent change in the gravitational-wave field (the burst’s
memory) 8h7 is equal to the ‘transverse, traceless (TT) part’®
of the time-independent, Coulomb-type, 1/r field of the final
system minus that of the initial system. If P* is the 4-momentum
of mass A of the system and P{ is a spatial component of that
4-momentum in the rest frame of the distant observer, and if k
is the past-directed null 4-vector from observer to source, then
8hy;" has the following form:

1)

4P}PA\TT
6h',-‘,7=8(ZA ‘ ')

k-P*

Here we use units with G =c=1. In the observer’s local Car-
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Soft theorems < Memory effects

soft theorems memory effects
elementary particle collisions black hole/neutron star collisions
[Weinberg’65] [Braginsky, Thorne’87]
. . . . hange in the gravitational-wave field (the burst’s
The dominance of the 1/(p-g) pole in (2.5) implies permanent char . . 136
that the effect of attaching one soft-graviton line to an memory) 8h;;' is equal to the ‘transverse, traceless (TT) part

of the time-independent, Coulomb-type, 1/r field of the final
system minus that of the initial system. If P* is the 4-momentum
of mass A of the system and P{ is a spatial component of that
12 Ly v i 4-momentum in the rest frame of the distant observer, and if k
(8xG) z,‘: Mnpnpn’/ [ g—inne]. @n is the past-directed null 4-vector from observer to source, then
8hy;" has the following form:

arbitrary diagram is to supply a factor equal to the
sum of (2.5) over all external lines in the diagram

4PAPA\TT
ah}?=s(zA ijA') (1)
Here we use units with G =c=1. In the observer’s local Car-
Equivalence:
* Pl

e different conventions Newton’s constant G and normalization
Sd wt
® momentum space soft theorem *— position-space memory effect

18/28



Gravitational memory in the sky?

L4 displacement memory: Pulsar Tlmlng Array [van Haasteren+’10; Wang
et al'15], LIGO [Lasky+16]

graVJtatlonal wave — relative angular displacement of detectors

® spin memory: LISA, Finstein Telescope Nichols'17]

gravitational wave — relative time delays of counterorbiting object

015 4

2 o
PN VU

045 F ’ ®

L s L
3400 3450 3500 3550 3600
/M

Figure: Angular displacement of evenly spaced array of detectors caused by
gravitational wave (left). hy polarization for an equal-mass binary black hole
coalescence with and without memory (right) [Favata'10].

(M total mass, n reduced mass, R distance and (©, ®) angles of source to observer)
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II. CELESTIAL SPHERE:
FLAT SPACE HOLOGRAPHY?
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Evidence for flat space holography

holographic
_—

4D spacetime encoding

2D celestial sphere

@

_

2D c
fu
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Evidence for flat space holography

. holographic .
4D spacetime _OOITPTE, 2D celestial sphere
encoding
2D ¢
fu
1 1
Lorentz symmetry conformal symmetry
AN
07¢
supertranslations superrotations
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Basic idea of flat space holography

Bulk Mink'3 Boundary CS$?
4D SL(2,C) Lorentz 2D global conformal
4D superrotations 2D local conformal
4D supertranslations 2D Kac-Moody

4D S-matrix 2D conformal correlator
{out|Sliny (O1(21,21) .- Onl2n, Zn))
w?]_j)e (272)7 A? ‘]
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Basic elements of flat space holography

standard formulation holographic formulation
energy-momentum basis conformal basis
1y 2
~ Py + Wy,
b= = Jp =40, A
Py = (Wi Br)» Ly 2 s Je =1Lk, Ag
¢ = (B P+ A}
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Basic elements of flat space holography

standard formulation holographic formulation
energy-momentum basis conformal basis
plane waves Mellin transform of plane waves*
o0
ip X _ jwg X dw A—-1 jiwgX __ N(A)
et =e w= e = ——=
0 (—q-X)
1 2
~ Py + Wy,
o — —
Py = (Wi Bi) » Lk 2 = s Je =1Lk, Ag
= lnry P+ A}

23 /28



Basic elements of flat space holography

standard formulation holographic formulation
energy-momentum basis conformal basis
plane waves Mellin transform of plane waves*
o0
ip X _ jwg X dw A—-1 jiwgX __ N(A)
et =e w= e = ——=
0 (—q-X)
1 2
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Solution to linearized Einstein:
AN

by = ATi(Cg X5 T O+ )w)
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Basic elements of flat space holography

standard formulation holographic formulation
energy-momentum basis conformal basis
plane waves Mellin transform of plane waves*
o0
ip X _ jwg X J dw A—-1 jiwgX __ N(A)
o W e =T XA
0 (—q-X)
1 2
~ Py + Wy,
o — —
Py = (Wi Bi) » Lk 2 = s Je =1Lk, Ag
= lnry P+ A}

Solution to Maxwell:
A—-1 €
A, =———+* _10,(.
I A (—(I' X)A H( )
Solution to linearized Einstein:
A—-1 €
hyp = ————H 10,0,
o A+1(_q_X)A+ (u( ))

Transform as (A, J) conformal primaries on 2D celestial sphere!
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Basic elements of flat space holography

standard formulation holographic formulation
energy-momentum basis conformal basis
plane waves Mellin transform of plane waves*
ei;rX _ eiwq-X JOO dwwAfleiwq-X _ N(A)
0 (—g¢- X4
1 2
L P +ip
Pl = (Wi Br) s L 2z = p’%eréc,Jk:fk,Ak
Solution to Maxwell:
A—-1 € R
A= —— —FF+0.(.) 22 large gauge: e(2,2)

A (—q- XA

Solution to linearized Einstein:
I

A+ 1 (=g X)A

Transform as (A, J) conformal primaries on 2D celestial sphere!

+ 0 )wy 22 Jarge diffeo: f(z,2)
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A holographic formulation of 4D QFT

standard formulation holographic formulation
energy-momentum basis conformal basis
— plane waves — Mellin transform of plane waves™*
A(wlaﬁlw"awn?ﬁn) A()\lazlazlw")‘nazn?zn)
1 2
- + ¢
p‘;: = (wkapk) s Uk 2 = P Pi Jp =Lk, A =141\,

e+’
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A holographic formulation of 4D QFT

standard formulation
energy-momentum basis

— plane waves

A(leﬁlv cee 7wn7ﬁn)

i = (wi, Bi) » Ok

holographic formulation

conformal basis

— Mellin transform of plane waves™*

)\1, 21,215+« Ay Zns Zn)

J dwy w”\l . dwnwff‘".A(wl,ﬁl, c e Wy D)
={01(21,%1) - .. On(2n, Zn) )cOFT

ph + D7
e+’

2= Jp =Lk, A =141\,

[de Boer,Solodukhin] [Pasterski,Shao,Strominger]
[Cheung,de la Fuente,Sundrum]...
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“soft” particle: w — 0
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A holographic formulation of 4D QFT

standard formulation
energy-momentum basis

— plane waves

A(leﬁlv e awn7ﬁn)

i = (wi, Bi) » Ok

translational symmetry manifest
conformal properties obscured

“soft” particle: w — 0

holographic formulation
conformal basis

— Mellin transform of plane waves™*
)\1, 215 21y« -« Ay Zny Zn)
J dwy w”\l . dwnwff‘".A(wl,ﬁl, c e Wy D)
={01(21,%1) - .. On(2n, Zn) )cOFT

ph + D7

s S =Ly, Ap=T1+1i\,
P + 1Y

ZL =

[de Boer,Solodukhin] [Pasterski,Shao,Strominger]
[Cheung,de la Fuente,Sundrum]...

conformal properties manifest
translational symmetry obscured

“conformal soft” particle A — 0**
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Conformally soft theorem in gauge theory

Insertions of the (A, J) = (1, £1) soft photon/gluon current:

energy — 0

Soft gluon theorem

[Yennie,Frautschi,Suura’61]

® ©
conformally
O ® @] = softpole X{ © ® g
O]
conformal 50

dimension

Conformally soft gluon theorem
[Fan,Fotopoulos,Taylor]

[Pate,Raclariu,Strominger]
[Nandan,Schreiber,Volovich,Zlotnikov]
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Conformally soft theorem in gauge theory

Insertions of the (A, J) = (1, £1) soft photon/gluon current:

® ©
conformally
O ® @] = softpole X{ © ® g
= soft poleX ®
conformal
energy — 0 dimension — 0
Soft gluon theorem Conformally soft gluon theorem
[Yennie,Frautschi,Suura’61] [Fan,Fotopoulos,Taylor]

[Pate,Raclariu,Strominger]
[Nandan,Schreiber,Volovich,Zlotnikov]

limownAn(wi, 21, 7)) = SO A1 (wi, 25, %) Jim MnAn(Ni, 20, ) = SO An_1 (N, 21, %)

Wy —>
with with
g - L cm-ini1 g0 _ 1 _zm—in1
2 Zn—1n 2nn+1 2 Zn—1n Znn+1
where 2 = 2; — 2; where zi; = z; — z;

Both expected and surprising: amplitude factorization for zero energy

in energy basis but Mellin transform = superposition of all energies.
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Conformally soft theorem in gravity

Insertions of the (A, J) = (1, +2) BMS supertranslation current:

[Donnay,AP,Strominger]
w 1

POy (2) ~ Ou(2) = PuO@,n(d) ~ ——Own1,n(2)

w—z
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Conformally soft theorem in gravity

Insertions of the (A, J) = (1, +2) BMS supertranslation current:

Ou(2) —

= soft pole X ¥

Weinberg’s soft graviton theorem

energy — 0

[Weinberg]
lim wpHn(wiy ..., Wi, . ,wn)
wp—0
0
= SO, (Wi, Wi wne1)

with
n—1 _
S(o) _ Z W €j Zni Zzilyi
= —

i—1 €n Zni ZanZyn

where z, y is a choice of reference spinors

[Donnay,AP,Strominger]

1
PuOa,5(2) ~ ——O0(a41,0(2)
w—z
© ©
® conformally ®
© ® g :Zi soft pole; Xl 0 ® g
(o)

dual energy dual energy

A—0 A= A—1

Conformally soft graviton theorem
[AP] [Adamo,Mason,Sharma] [Guevara)]

)\ig’lo Z)\an(Ah ) )\ ) ) ATL)

n—1~ -
= Y 3O (e A — e Anm)
=1

with FO) _ i Zni ZoiZyi
= LI
€n Zni ZznZyn
where z, y is a choice of reference spinors
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State of the art: massless, tree-level, free theory

4D scattering amplitudes — 2D celestial correlators
energy, momentum, helicity point on sphere, conformal dimension, spin
4D spacetime symmetries — 2D conserved currents
large gauge symmetry conformal soft photon/gluon current
supertranslations supertranslation current
superrotations stress tensor
4D “soft” theorems — 2D “conformally soft” theorems

0]
® __conformally ®

©
®®®*softpole>< ®®®
= soft poleX ®
conformal

energy — 0 dimension — ©
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remains to be understood!
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