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Intro and motivations

Quantum gravity in 4d asymptotically flat spacetimes — vanishing cosmological constant
A=0



Intro and motivations

Quantum gravity in 4d asymptotically flat spacetimes — vanishing cosmological constant

: A=20
These spacetimes are relevant

@}2 Event Horizon Telescope

from collider physics ... ... to astrophysics
(< cosmological scales)



Intro and motivations

Recent developments in quantum gravity for flat spacetimes

= Universal connections between fundamental results (from the 1960’s) in
General Relativity and Quantum Field Theory
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Intro and motivations

Recent developments in quantum gravity for flat spacetimes

= Universal connections between fundamental results (from the 1960’s) in
General Relativity and Quantum Field Theory
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Intro and motivations

Recent developments in quantum gravity for flat spacetimes

= Universal connections between fundamental results (from the 1960’s) in
General Relativity and Quantum Field Theory

‘asymptotic symmetries’ amplitudes with a zero-energy particle (soft theorems)

Bondi, Penrose,... Weinberg,...

= General lesson: the infrared structure is much richer than we thought!
new observables, new patterns in scattering amplitudes,...

- towards a "holographic description’
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Outline

1. Asymptotically flat spacetimes

2. Soft theorems «— asymptotic symmetries

3. New results for the logarithmic soft
graviton theorem

Joan Miré, Bleu I (1961)
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1. Asymptotically flat spacetimes

Joan Miré, Bleu I (1961)




A surprise in flat spacetimes
The BMS symmetries [Bondi-Metzner-van der Burg; Sachs, ‘62]

Minkowski metric (flat spacetime) in 4D

The geometry is described by the line element

ds? = —dt* + dz? + da3 + da?

(measure of distance in flat spacetime)
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A surprise in flat spacetimes
The BMS symmetries [Bondi-Metzner-van der Burg; Sachs, ‘62]

Minkowski metric (flat spacetime) in 4D

Change to Bondi coordinates ~ (u,7, 2, 2)

t=u-+r, x1 = 'r‘(z—l—i)
The geometry is described by the line element - 3 1= e
ds* = —dt* + dz? + daj + da3 Ty = —ir(z __Z), g = r(d - Z_Z)
1+ 2z 1+ 2z
(measure of distance in flat spacetime)

ds® = —du® — 2dudr + 2r%~.: dzdz
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A surprise in flat spacetimes
The BMS symmetries [Bondi-Metzner-van der Burg; Sachs, ‘62]

Minkowski metric (flat spacetime) in 4D

Change to Bondi coordinates ~ (u,7, 2, 2)

t=u—+r, x = T(Z + 2)
The geometry is described by the line element - 3 1= e
Y _ 1 P V-vi
ds* = —dt* + dz? + daj + da3 Ty = ir(z _Z), g = T Z_Z)
1+ 2z 1+ 2z

(measure of distance in flat spacetime)

ds® = —du® — 2dudr + 2r%~.: dzdz sphere angles

2z = €' cot g
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A surprise in flat spacetimes

The BMS symmetries [Bondi-Metzner-van der Burg; Sachs, ‘62]

Minkowski metric (flat spacetime) in 4D

The geometry is described by the line element
ds? = —dt* + dz? + da3 + da?
(measure of distance in flat spacetime)

ds* = —du® — 2dudr + 2r%7.: dzdz

u=1—r7r :‘retarded’ null time

Celestial sphere

Z.8
Future null infinity /

ITT=Rx S?

Timelike infinity

Past null infinity
spacer

Penrose diagram of Minkowski
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A surprise in flat spacetimes
The BMS symmetries [Bondi-Metzner-van der Burg; Sachs, ‘62]

Minkowski metric (flat spacetime) in 4D Asymptotically flat spacetime (as 7 — ©0)

The geometry is described by the line element

Curved spacetime that looks flat seen from a far distance.
2 2 2 2 2
ds® = —dt* + dx7 + drs + dg The deviation from Minkowski is dictated by boundary

_ _ _ conditions for the metric.
(measure of distance in flat spacetime)

ds* = —du® — 2dudr + 2r%7.: dzdz +%du2 +rC..dz* + D*C,,dudz

r

.-.r-n

Laura Donnay - Towards celestial holography
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A surprise in flat spacetimes

The BMS symmetries [Bondi-Metzner-van der Burg; Sachs, ‘62]

Asymptotically flat spacetime (as 7 — o)

Timelike infinity

Future null infinity

Mo 7= Rx S?2

ds* = —du® — 2dudr + 2r°v.: dzdz

2M
TD

1 /4 1 .
+— (S(J\Tz +ud.mp) — 482(6'220“)) dudz + c.ec. 4+ - ..
R ,

M(u, 2z, Z)

gives the energy (e.g. black hole mass)

N.(u,z,z) givesthe angular momentum

C..(u,z Z) indicates the presence of gravitational waves!

Mathematical description of a radiating spacetime
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What are the symmetries of asymptotically flat spacetimes?
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What are the symmetries of asymptotically flat spacetimes?

what was expected what was found

Poincaré 4 spacetime translations Bondi-Metzner-Sachs (BMS) (‘62)
6 Lorentz transformations
Infinite-dimensional extension!
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[Bondi, van der Burg, Metzner '62] [Sachs '62]

Supe rtra nSIat|OnS [Barnich, Troessaert "10]
_.:+
Asymptotically flat spacetimes in Bondi gauge:
r — 00 (u,r,2?), 24 = (2,%)
ds* = —du® — 2dudr + 2r*~y.; dzdz
2M
+=—du? + rC..dz* + D*C,.dudz 0
r
1 /4 . , | B
S g(ﬂ-’z + ud.mp) — ZOZ(CMC“’) dudz +c.c. +---
r ,
BMS supertranslation symmetries:
=T (2,2)0, + - ’
S ( ’ ) “ 4 Poincaré translations
arbitrary function 1 Symmetry
on the celestial sphere enhancement
o0 BMS supertranslations
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[Bondi, van der Burg, Metzner '62] [Sachs '62]

Supe rtra nSIat|OnS [Barnich, Troessaert "10]
_.:+
Asymptotically flat spacetimes in Bondi gauge:
r — 00 (u,r,2?), 24 = (2,%)
ds* = —du® — 2dudr + 2r*~y.; dzdz
2M
+=—du? + rC..dz* + D*C,.dudz 0
r
1 /4 . , | S
+— g(ﬂ-’z + ud.mp) — ZOZ(CMC“’) dudz +c.e. + -+
, ,
BMS supertranslation symmetries:
=T (2,2)0, + - ’
S ( ’ ) ut 4 Poincaré translations
act non-trivially on the gravitational solution space Symmetry
5.0 o 2D2T enhancement
O0gM = -+ ¢Coz = ()0 —2D; o0 BMS supertranslations
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BMS symmetries were originally disregarded.
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BMS symmetries were originally disregarded. _

e uite annoying n

— gument,s is 4
fﬂfff"””ffﬂfﬂl—//. ? arbitrary func'olon of it ar
that o 18 &

[Sachs ‘62]
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BMS symmetries were originally disregarded. _

, e ts is quite annoying i

_ otion of its argume

p— is an arbitrary fun

[Sachs ‘62]

Conceivably a is a blessing in disguise and the representations of the group (3-12)
are more interesting than the representations of the Lorentz group.
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Outline

2. Soft theorems «— asymptotic symmetries

Joan Miré, Bleu I (1961)




BMS and the scattering problem

Seminal observation: BMS symmetries constrain the gravitational scattering problem! [Strominger ’14]
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BMS and the scattering problem

Seminal observation: BMS symmetries constrain the gravitational scattering problem! [Strominger ’14]

—> 2 key ingredients
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BMS and the scattering problem

Seminal observation: BMS symmetries constrain the gravitational scattering problem! [Strominger ’14]

—> 2 key ingredients

@ Noether charges for BMS symmetries
[Barnich, Troessaert "10]

I
QT_4WG/d Z\/’?TM
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BMS and the scattering problem

Seminal observation: BMS symmetries constrain the gravitational scattering problem! [Strominger ’14]

—> 2 key ingredients

@ Noether charges for BMS symmetries
[Barnich, Troessaert "10]

I
QT—47TG/d ZﬁTM

ds® = —du® — 2dudr + 2r%v.: dzdz

M
r

+ du® +rCl.dz* + D*Cdudz + - --

§F=T"(z2)0,

@ Relating the past and the future o
A |

ds® = —dv® + 2dvdr + 2T2fyzgdzd2
2M~
.

+

dv? +rC..d2* — D*C_dvdz + - - -
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BMS and the scattering problem

Seminal observation: BMS symmetries constrain the gravitational scattering problem! [Strominger ’14]

—> 2 key ingredients

@ Noether charges for BMS symmetries
[Barnich, Troessaert "10]

I
QT—47TG/d Z\/’?TM

ds® = —du® — 2dudr + 2r%v.: dzdz

M
r

+ du® +rCl.dz* + D*Cdudz + - --

§F=T"(z2)0,

@ Relating the past and the future .

< - > 0

ds® = —dv® + 2dvdr + 27‘27ngde
2M~
.

+

dv? +rC..d2* — D*C_dvdz + - - -

Laura Donnay (SISSA) - Logarithmic soft graviton theorem from asymptotic symmetries



BMS and the scattering problem

Seminal observation: BMS symmetries constrain the gravitational scattering problem! [Strominger ’14]

—> 2 key ingredients

@ Noether charges for BMS symmetries
[Barnich, Troessaert "10]

I
QT—47TG/d ZﬁTM

ds® = —du® — 2dudr + 2r%v.: dzdz

2M T

; du® +rCl.dz* + D*Cdudz + - --

_|_

§F=T"(z2)0,

VA
Relating the past and the future /_ __________
O, & > /0
Junction conditions TN
_|_

J\"f(U:Z,Z)L@; = M*(u,2,2)| 4+

T (2, 5)‘,;@: TH(2,2)| g+ ds® = —dv® + 2dvdr + 2r?~,zdzdz

2M ™~

dv? +rC..d2* — D*C_dvdz + - - -
,

[Strominger '14] +
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BMS and the scattering problem

Seminal observation: BMS symmetries constrain the gravitational scattering problem!

—> 2 key ingredients

@ Noether charges for BMS symmetries
[Barnich, Troessaert "10]

I
QT—47TG/d ZﬁTM

@ Relating the past and the future

Junction conditions

J\"f(U:Z,Z)L@; = M*(u,2,2)| 4+
7ﬂ_(212)yﬁ4:: 7ﬁ+(2,2)k¢j

[Strominger "14]

+ _

[Strominger '14]

ds® = —du® — 2dudr + 2r%v.: dzdz

M
r

+ du® +rCl.dz* + D*Cdudz + - --

§F=T"(z2)0,

> ;0

ds® = —dv® + 2dvdr + 2T2fyzgdzd2
2M~
.

+

dv? +rC..d2* — D*C_dvdz + - - -
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BMS and the scattering problem

Prime example:

= Souk|Sliny
ook paace (WM; w-r0)

%-— SOFT x
PolE

The leading soft graviton theorem [Weinberg ‘65]
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BMS and the scattering problem

Prime example:

The leading soft graviton theorem [Weinberg ‘65] ¥ <°uH S"'"’?
n hard particles (px) + external graviton (q) + ook padace (W\U‘ﬁg w-r 0)
lim A =SOA, +0(¢°
w—0 n1(0) " (4") = SoFT x
G(0) _ Z PiPkEpv(a) Pol€

[
—~  pr-q
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BMS and the scattering problem

Prime example:

= Souk|Sliny

The leading soft graviton theorem [Weinberg ‘65]

n hard particles (px) + external graviton (q) +onfk pakicde (mmg; w- 0)
G n—l—l(Q) -° n (q ) e x
50 =3 PhPLE v (o) PoLE
k=1 Pk -4

is nothing but the Ward identity associated to supertranslation symmetry [He, Lysov, Mitra, Strominger ‘15]
(out|Q+S — SQ7lin) = 0

supertranslation charge

R
QT_47TG/d 2y TM
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3 languages for the same IR physics [Strominger ‘18]

Asymptotic symmetries

General Relativity

supertranslations

[Bondi-Metzner-Sachs ‘62]
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3 languages for the same IR physics [Strominger ‘18]

Asymptotic symmetries Soft theorems
General Relativity Quantum Field Theory
supertranslations leading soft graviton
theorem

[Bondi-Metzner-Sachs ‘62]
[Weinberg '65]
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3 languages for the same IR physics [Strominger ‘18]

Asymptotic symmetries Soft theorems

leading soft graviton
theorem

[Weinberg '65]

supertranslations

[Bondi-Metzner-Sachs ‘62]

Memory effects

displacement memory

[Zel'dovich, Polnarev, Braginskii, Thorne,
Christodoulou] ... 70s —90s

L Gravitational-wave signal vs. time

f

2

total signal

4
4
/((wsci]lamr_\' +memory) |
4

oscillatory waves 9
(no memory)

The memory slowly builds up during 9
the inspiral, grows rapidly during the o
merger, and saturates to its final value]

i S —
P 1000 1500 . 2000 . 2500 , 3000 o

e
3500

4000,

4500,

during the ringdown.
0 2

3900

t/M

2000
[Favata, '10]
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Conclusions so far

Physics in the deep infrared is much richer, more subtle and much less understood

than we previously thought.

The boundary of flat space exhibits an infinite amount of symmetries

which constrain the scattering problem.
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Outline

3. New results for the logarithmic soft
graviton theorem

Joan Miré, Bleu I (1961)




Logarithmic soft theorems

= Tree-level soft graviton theorem
(assuming a power series expansion in the soft momentum ¢ = wq )

[Weinberg ‘65]
[Cachazo, Strominger ‘14]

Mopir “Z0 w0180 4 08M | M, + Ow)
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Logarithmic soft theorems

= Tree-level soft graviton theorem
(assuming a power series expansion in the soft momentum ¢ = wq )

[Weinberg ‘65]

Mo w—0 [w_1 5720) £ Sf,(»,,l)] M, + O(w) [Cachazo, Strominger ‘14]
leading subleading
n Mo v A
i =5 3 B St I =g
—  DPiq - o
ok
(1) — MNP e (q) an AL o
" 2 =1 Di-q (Jz o ) k= V32rG
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Logarithmic soft theorems

= One-loop corrections generate logarithmic corrections!

2

M1 p=a e S0 _ %lnw S M, + OW?)

dominate over the subleading term

[Laddha, Sen ’18 “19] [Sahoo, Sen ‘18] [Saha, Sahoo, Sen ‘19][Krishna, Sahoo ‘23]
[Ciafaloni, Colferai, Veneziano ‘18] [Addazi, Bianchi, Veneziano '19]
[di Vecchia, Heissenberg, Russo, Veneziano ‘23]
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Logarithmic soft theorems

= One-loop corrections generate logarithmic corrections!

2

M1 “20 |t S0 _ %lnw SU M, + O(WY) [Sahoo, Sen “18]]...]

€Dy DY
S(ln) CpvEy Py 5
n 87T Z Di - q ; M5 q-Pj

2(pi - pj)° — 3p;p;

i_ﬁ-’ sﬁwpz dp ) —_ P
+ 16’]]' . D; - ; "5 p% pj) (p p pJ pz) [(p% . pj) p2p2i| 3/2
7 ) J
K 8Wp;-”pi-’ .
_— — _— q .p. 111 q .p.
872 —~ Piq ; i 01 pil

. 02 22
pz G,WC])\ ( A 0 _ )Z (pi - pj P@pj n pi pj+ \/(pz pj) biP;

2 E: i 211/2
327r z " Opiv Opin ) = (pi - pj)? — P;D; pi D — \/(pi-pj) — p2p?

Logarithmic soft graviton theorem from asymptotic symmetries
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Logarithmic soft theorems

= One-loop corrections generate logarithmic corrections!

2
w=0 | 1 a0 K 1 0 :
Mn—l—l — |w S?(L ) _ Zlnw 87(111) Mn + O(w ) [Sahoo, Sen ‘18][...]
el |
(In),__ *™v HYEq £y )
o= 3 > Pi - g DOy 0P  “classical”
| ‘ J :
L v 2p; - p;)? — 3p2p? !
2y EuvP;i dp Pi - Pj PiPj
* Ton ﬁ > b, (i ps) (P15 — ppY) S 2 252
AT RN LV 50 ) kbt 711 N
K EpvPi DY
— — In
=P ;q p;In|g - pjl

Cem om )2 22
K preum ( N . ) 2(pi - p;)° — Pip; e pg+\/(pz p;)? — pip;
' o2 202112
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Logarithmic soft theorems

= One-loop corrections generate logarithmic corrections!

2
w—0 — K ‘

My =" w1 S0 Zlnw S M, + O [Sahoo, Sen ‘18][...]

N i
(In),__ *™v [RE SR )

o= 3 > Pi - g DOy 0P  “classical”
1 17 j 1
1 1
T e’ 2(pi - pj)° —3pips |
o > LN (b ) (PP~ P by 70D,
o 167 Pi-q o J v Jr 2 2,2 3/2 I “« ”
: i A j (pi-pi)? —pip3]" " quantum
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Classical log — tails

[
5!

SD

E

“classical”

.. J
birq =5 (pi - pj)? — pip3

I

|

1=

I

I

|

I . v Ap: - . 2_3 2,2
iR S Pl dp po o 2(pips) = 3pip;
IH' E : E :5?77;,%(1% p;) (p; P — p; ;) ]3/2
I

I

effect of gravitational drag on the soft graviton

+ effect of late time gravitational radiation (due to the late time acceleration of the particles via long range

gravitational interaction)
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Quantum log corrections

. oy
. () _ M EpePi Pi .
Sn - 87 Z Di+q Zdﬁ:"?j q-Pj

i J
ik A 2(pi - pj)* — 3pip;
by N (i py) () — plp) i i) = b,
167 . MisM; J 1) 18 9 913/2 “ ”

TP S (pi - pj)? — pip?] quantum
[ 7 vy - - - - - - "--"-"-""-""-""-""-""""-""/""/""/""=/""/"/""/""/""/""/""/""/""/'"//"¥"/'¥"//"¥"/'//mmmrrrmm==="
E B # € ,L;/pz b; Z q-pj In |q p3| w > loop momentum E
I i J :
| |
I . em . om. )2 22
I 2 v t o2 )2 — p2p2]1/2
i 32w pi-q Opiv Opix 7 (pi - pj)* — iP5 Pi-pj— \/(p@ pj)? = PiD; E
| |

- computed via one-loop diagrams in a theory of minimally coupled scalars
[Laddha, Sen ’18] [Sahoo, Sen ‘18] [Saha, Sahoo, Sen ‘19]

- recently generalized to scattering of particles of arbitrary spin — universal results!
[Krishna, Sahoo ‘23]
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Question

Do log soft theorems arise from symmetry conservation?

; [N
Sén) Z - - Zdn,m q-DPj

- 8T — p;-q :
i j
ik £, 2(pi - pj)* — 3pip3
by 2 N 8 (b ) (09— PR L) — o
T Pitd [(pi - pj)? — p2p?]
K € Vp;'/p;'j A oA
) ﬁZQ'pjln|Q'Pj|
. 1 .
i j
e Ty Com N2 202
K Zpngq)\ (p)\ 0 —p’.j 0 ) Q(pi-pj)z—pgp? " Pi pj‘|‘\/(p1 pj) b; Pj
2 . i A i T2 _ 20211/2
32m P Pi-q apw apz)\ p [(pt pj) plpj] Di-Pj — \/(p1 .pj)2 _pgpg

— yes, from local conformal symmetries (aka ‘superrotations’)

[Agrawal, LD, Nguyen, Ruzziconi ‘23]

Logarithmic soft theoremes, tails and superrotations
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Superrotations

= Supertranslation symmetries:

§=|T(2,2)0u+ -

arbitrary function
on the celestial sphere

= Superrotation symmetries:

§={V(2)0. + LD.YV(z) + -

local conformal Killing vector
(>< 6 Lorentz transformations which are globally well-defined)

[Barnich, Troessaert '10]
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Superrotations

= Supertranslation symmetries:

§=|T(2,2)0u+ -

Poincaré group: 4 translations + 6 Lorentz transfo.
arbitrary function

on the celestial sphere Symmetry Symmetry
1 enhancement 1 enhancement

= Superrotation symmetries:

§={V(2)0. + LD.YV(z) + -

BMS group: o0 supertranslations 4 00 superrotations

local conformal Killing vector
(>< 6 Lorentz transformations which are globally well-defined)

Z Z/
[Barnich, Troessaert '10]
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Logarithmic soft theorems 0 = g S o0 1

1K EuvDi dp Q'p
"'m_w-r - Z neans (P 23) (01P2 — Y

2(pi - ps)* — 3pip;

[(pi - p;)? — pp?] 2

= The log corrections can be written in a much simpler form _izspuplpz S 4o hnld-
) " : q-pjln|g-p;

e Peman d 2(pi - p;)* — pip] i p;+ /(b pi)? — pip?
' 3271' DD piq pé‘p _p”am Z (e 22 — P20 2—p2p?
Z i1 4 1 J g Pi-Pj— (pzpj‘) 7p'tp3

! 1 ~ ~ (0 1)J :
S =60,,(9) SO -8 g,
:__“____________/ _______ T’ _________ ! [Sahoo, Sen ‘18]
leading subleading
soft factor soft factor
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e [ (In) _ E Etwp p
Logarithmic soft theorems W e 2y B
LR S s qu nens (Pi - 0y) (9795 = P5p) 2o pi) 31:»@15:';./2
Lom <= pi- [(pi - ps)? — p?p?]

= The log corrections can be written in a much simpler form _iszpp Sy pyhnld- sy
) " : q-pj q P:,-

7
P ome)2 — n2n2
e d 2(pi - p;)* — pip’ wl Pt/ (pipi)* —pip;
327r Z pi-q 3p _p“am Z [(pi - p;)? — pipi]"/> / 222
i pi-pj —\/(Pi ;i) — Pip;

b

| :
S =60,,(9) SO -8 g,
! ! [Sahoo, Sen 18]
________________/ _______ T' _________
leading subleading
soft factor soft factor
Bij = \/1 — (Di - pj)”
mn / . . . . .
/. relative velocity of particles i and j
Al A A A~ A /
where Un+1(Q) = Z(pz . C]) hl(sz: ' Q)

| 4

1+ B2 | 1 148
= gy 2 (int g, — 5 1n H)

1; = =1 (in or out)
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Logarithmic soft theorems

————————————————————

- S,,(Lln) :i 6;+1( )S(O)I 'S(l)‘] On i [Sahoo, Sen ‘18]
where &/, ,(d) =Y (pi-q)In(p; - §)
1=1
1+ '1,2 1 1 i
On = Z UV R, & - iﬂ-ém;ﬂj 1 + & : )
1] Bzg 1 - 7,23 /Bw
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Logarithmic soft theorems

@) S(O)I — S(l)‘] On [Sahoo, Sen ‘18]

where &;Hrl(cj) = Z(p@ -q) In(p; - q)
i=1

" The first contribution @ is reproduced by the superrotation Ward identity

2

s ~ 23 ((0) Ar0) 222 A/7(0) ,7(0) ~¥(0) 932 A r(0)
s /(7‘): }[ 0°(CYING) 4+ 30° N D oCY) + ¢ m-"()()),.-'\-'_[:'[._”}
K* | -

/ Noether charge for superrotations

[Agrawal, LD, Nguyen, Ruzziconi ‘23]; see also [LD, Nguyen, Ruzziconi ‘22][Pasterski ‘22]
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Logarithmic soft theorems

————————————————————

- S(ln) i ;+1( )S(O)' -S(l)J o, i [Sahoo, Sen ‘18]

" The first contribution @ is reproduced by the superrotation Ward identity

" The second contribution @ is reproduced by the "dressed’ superrotation charge at timelike infinity;

see details in [Agrawal, LD, Nguyen, Ruzziconi ‘23]
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Conclusions

= Logarithmic corrections to the soft graviton theorems can be obtained from

superrotation Ward identities. [Agrawal, LD, Nguyen, Ruzziconi ‘23] QED: see [Campiglia, Laddha ‘19]
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Conclusions

= Logarithmic corrections to the soft graviton theorems can be obtained from

superrotation Ward identities. [Agrawal, LD, Nguyen, Ruzziconi ‘23] QED: see [Campiglia, Laddha ‘19]

= Motivations behind this work
- universality of the relationship between soft theorems and asymptotic symmetries
- connect to gravitational waveforms (tail effects )
- build a holographic description of quantum gravity
in asymptotically flat spacetime...

‘Celestial Holography’ N X
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Conclusions

= Logarithmic corrections to the soft graviton theorems can be obtained from

superrotation Ward identities. [Agrawal, LD, Nguyen, Ruzziconi ‘23] QED: see [Campiglia, Laddha ‘19]

= Motivations behind this work
- universality of the relationship between soft theorems and asymptotic symmetries
- connect to gravitational waveforms (tail effects )
- build a holographic description of
in asymptotically flat spacetime...

Thank you!

‘Celestial Holography’ N X
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