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Super%mmsla&oms

T(@,qb)au + 1VzTﬁr — %(897—'59 + !

0,T0s) + ...

2 sin® 6

o Associated Noether charqge: Bondi
mass aspect mlu,xA)

o 4 lowesk harmonics: kranslakions/
Momenta

[Bondi, Metzner, van der Burqg, Sachs, 1962 ]



Super-Lorentz
transformatkions

SuDARAD, + (~5(r + w)DaAR* + O(1)0, + (R — “DADsR” + 0( )0,

o Associated Noether charge: Bondi anqgular
momentum aspect YRORGY

o & lowest harmonics: Lorentz/Angular
Momenta and center-of-mass charqges.

o Ontv Lorenkz are asij&oEw svmm&riﬁs! The
others are overleading transformations!

[Barnich, Troessaert] {Campigiia, Laddha] [G.C., Floruccl, Ruzziconi ]



Prospect of observing displacement
memory at LIGO

GW1ls0914
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[Lasky et al. 2016]
[Boersma, Nichols, Schmidt, 2020 ]



Queskion

@ [ hree-dimensional case :

Asymptotically flat :
BMS3 = Diff(S') x Vect(S')

[Ashtekar-Bicak-Schmidt '96]

Asymptotically AdSs :
Diff(S*) x Diff(S?)

[Brown-Henneaux '86]

[Barnich-Compére '07]

@ Four-dimensional case :

Asymptotically flat :
BMSs = Diff(S%) x T

[Bondi-van der Burg-Metzner '62]

Asymptotically AdSs :

2?7
[Sachs '62]




Universal BMS structure

AdS case A < 0. Flat case A = 0. dS case A > 0.

A foliation and a measure

o sign(A)du2 + gapdr?dz® \V/q



We need a dic%mv\arfj

AdS case A < 0. Flat case A = 0. dS case A > 0.

Fefferman-Graham SEa\robLMsh&j

0 a 0 a
gC(Lb)7T 5 gcg,b)7T ;




Definitions

Skarobins ey /
Fefferman-Graham
(SFG) gauqe

Bondi gauge

(U0 2
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The dickionary between Bondi and
SE&robmswj/ ﬁef?ermav\-@rakam gauge
has been worked ouk

o Owne can solve the large radius
expansion of Einstein’s equations in
bokh qauges

o We found a diffeomorphism between
the two gauges when A # 0

o We found the (2-covariant) map
between the free fields in each qauqge

See also [Poole, Skenderis, Taylor, 201% ]



Solution space (AL(AYASL)

SFG gauge

Bondi gauqge

ds* = ezﬁzdu2 — 2e¥dudr + gap(dz® — UAdu)(dz® — UBdu)
r

. 1 1
gap=71"qap+1Cuap+ Dyp+ - Eap + 2 Fap + @(7‘_3)

= UM u, 2P) + UA(u,xB)1 + U4(
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(3) 1 (L3
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Solution space: ﬂfre@; ﬂfmtds =t ()

SFG gauge
gég) dz®dax®

Bondi gauqge

A
56450 du® + qap(dz® — Ugdu)(dz® — Uy du)

Tab

1 y
MW = M + = (0, +1)(CenC),

3 1 3 1 3 ,
N1(4A) = NA — ﬁDB(NAB — §ZCAB) — ZaA(KR[Q] - gCCDCCD)’

3 A

1 1
Jap = —&ap - e [au(NAB - §ICAB) - §CIABCGD(NGD - alCCD)]

3 1 ,
+ F(DADBZ - §(IABDCDCZ)
1

Cownstraints b~ i

5 , 1
4 Cup [%CCDCCD + 5 R ]} .

A
SCap = 2 [(au — D)gap + 2DaUY) — DUSqap|.

A2
24

A

5 CapJB = 0.

(0 + ;l)]\/{(") +

DANY 4

(00 + DN — 9™ — %DBJAB = 0.




Why the Bondi mass differs
“fT (A)YdS and Minkowski?

(a) Asymptotically locally dS, case. (b) Asymptotically locally AdS, case.

MW = M+ — (9, + )(CopCP),

16(
3 3 1 3 ,
ﬂD (Nap — §ZCAB) - ZaA(KR[Q] - gCCDCCD)v

N =Ny -




Solution space: free fields A =0
Bondi gauqge

i\
gewo du” + qar(de’—liidu)(dzs — USdu)

SFG gauge

MyNAycAByDAByEAByFABp'°'

Conskrainks

0ugaB = lqap + QD(AU%) — DUlqap

A o1 1
OuNg = DM + EDA(NBCCBC) — ZNBCDACBC
1 1
— 4 Dp(CPNac = NFCac) =  DpDPDCac
1 1 .
+ ZDBDADCc'BC + ZCABDBR-

see [Barnich,Troessart, 2012]



Boundary gauge condition:
Definition of A-BMS

o Cal atwajs be reached

o Does not constraint the Cauchy probi.em

The residual diffeomorphisms in a
given bulk gauge and in this boundary
gauqe form the A-BMS group.



Symmelry generators
Preserving SFG gauge: DYF(S2)xWeyl

=1,
=Y+ 14 I =—0pf / dr' (¥ g"P),

1
— _g(@AYA — 2w+ Dl = OpfU” + S fg7'0ug),

arf =0 = 87-YA
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~lak spa&a&ime Limik: LSl



(Soft) Algebra / Algebroid

A

ngau‘*_},}AaA

A , 1
f=Y0afs+ §f1DAY2A — (1 2),

A A
Y4 = YlBaBYQA — §f1qABan2 — (1 2).

The structure aoms%m&s of the A-BMS
algebra are field-dependent.

in the flat Limit, the structure constanks
are field-independent and reproduce the
generalized BMS algebra.



The @.xpiuf:& generalized
BMS algebra

[g(Tl)a f(TQ)]* —

[6(}/1)7 f(TQ)]* [ ) T — YlAaATQ — §DAY1AT27

€(V1),£(Y2)], ), YA =YPopYst - YPopy

[Barnich-Troessaert]
[CamPigiiamLaddha]

Their associated Noether charges are the Bondi mass and
angular momentum aspects

Upon quantization, the equality of the total flux at scrix
and scri- upon antipodal map is equivalent to the
leading and subleading soft theorems



Sjmgalec:w‘: skructure

Action with holographic counterterms

[Balasubramanian,
Kraus]

Symplectic structure gets a contribution from the counterterm

5T — oL

[G.C., Marolf]

At the boundary, the orthogonal component of the symplectic
skructure is

A
0 0
gzgt) = ER gﬁA) =0, det(g(o)) -

167G ‘ 0
—%NAA) JAB+%]\J(A)qAB

Therefore, energy is transferred due to changes of both 328 and
qas. They are the analogue in dS/ALS of the Bondi news.



Symplectic fHlux fine for Minkowski and dS,

AdS case A < 0. Flat case A = 0. dS case A > 0.

In AdS, the Cauchy problem requires a
bc}uv\darj condition




New baumdar:j conditions for Ad54

Boundary gauge fixing = Dirichlet boundary

condibtion A 0 g
’L(ISL) = 37 grfw)l =, det(g(o)) — gq'

Weumposeo’\ c&y\o\mics requires o cancel

3
- 327G

w?

/ &3z /G5B A Squp.
N

o Dirichlet baundarv condition q fixed gives
SO(3,2). This leads ko ADS/CFT.

@ Neumanin bouvxd&rj condition 37"z glves new
boumdarv conditions: deformation of AJLS/
CFT.



New baumdar:j conditions for Ad54

o Asymptotic symmetry group R A

A

Writing € = £28, = T, + e*Bog®d,, we have [{;,&)] = € where

T=0  &=e"80,5,05%;.

o Associated with finite and conserved charqges,
Dirac braciket of charqges with no central extension.

—0¢(Ty,31)Qe(Ta.#2) = Qe 3)-




New baumdar:j conditions for Ad54

o Solutions: Schwarzschild bub nok Kerr

[Awad,
— 0242 + df® + sin? Od¢?, e @, | I Johnson, 2000]

3y
_ my® b
Tierr = — R (Buu’ + 9(0))»

[Bhattacharyya, Lahiri,
Logamajagam , Minwalla,
Roo0o]

o If regular, they might bear on the cosmic
c‘:emsorshigy cown jecture, No uniqueness theorem.
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Back to A-BMS: Surface charges

dk’&,ren [5¢ (25] — Wren [5£¢a 00; (b]

Charqges are finite thanlks ko renormalization

Charges are neither conserved or inteqrable EEAEEEEAGESSCERE
Charges associated with Weyl are zero

They obey the surface charge algebra

x[O1}x = 0y He|d] + =4 [0¢0, 0.




The flat Limit leads to a
divergence

dud?®Q [ 3 1 1
=5, NTE 5,AB _(NAB R AB)(;C Do U 5B
16:C [2/\ (Napdg™") + 5 \VTF + 5 l9lq AB (AUB)Oq

Oren [5¢ d)] |ﬂ —

0L, .
5478 0¢*P +O(N),

It is cured by adding a corner term to the action

And the corner presymplectic form as

e = d?z0¢, wS (81948, 02qaB; qaB) = 61©5 (62q45; qaB) — (1 < 2).

Cur pr@.sarap&ow Oren,tot|.# = Oren|.s — ddLc + dO .



With our prescription for taking into account the
corner boundary term, the divergence is cancelled

Vi V'

' BD -
au(ICD-

Lclga. T, q] = AB = o duqaBqq

- 647G




~lak Limaik

o Solukion space admiks a swoobkh Limik

o The asymptotic symmetry group A-BMS
reduces to (generalized) BMS group

o Svmptet&w skructure adwmiks a smookh Limik




Corner kerm contribution
to bthe Dirac bracieek

C
wren,totlf = wren|j + dwo .

ARSEen 963 60)| | = wrenorlded, 36:6]) .

PHeio (6] = OHE P E10] + = P00 0] 4 | 450 w5 Beaan. daan)

ik leads ko a nown-krivial Zmﬂocvtte

{HA-BMS[¢] HA-BMS[ ]}* tot

= 0y H{PM[g] + E3PM[0¢ 65 0] + /5 , 472w [0xqaB. cqan]

= Hig 2o lo] + /2 d*Quwg [0y q4B, deqan),
Sz,
\—_/
I‘?XBMS ,to t[qAB]




Flat BMS surface charge algebra

Surface charges

dkga’t [545 (b] — Wren,tot [5§¢‘ 5¢ d)] ‘A:

0] = [ KE0o) = [ 2dn) () 005 0]

oo

nglat[qb] _ éHglat[(b] _I_'—ﬂat[()(b Qb]

1 1
flat A
HE™ (9] = / 20) [4f]\[+2Y N+ Y 04(CpeC” )]

1
167G Jsa.

1 1
d*Q [ f (NAB + qABR[ql) 6Cap — 20(afUp)dq™”

-—ﬂat
56:6] = ; :

i 1 i
—fDaUpydg™*P — ZDCDC fCABOqAB] .

Dirac bracket




Flat BMS surface charqe algebra
at the corners

g Wl (i) = 0] - H¢)| | = au DuHE™ (0]
MXQSO S I —00



Nown~radiakive a?m[p&o&w
bouv\c(ar:j condikions

Minkowskei L an arb&&rarfj super-Lorentz and
supertranslation frame? Result:

R

, 1
ds* = == du® = 2dpdu + (p*qap + pClf + SOEHCac’ gap)da’da® + DEClda? du

where

vac

gAB =qap=¢€¢ 0

(1D ®Dp® — DADp®| "

—2D,DpC + qABDQC.

We therefore impose as boundary conditions at past/future of seri:

Cap = (’LL—|—C:|:)NX8§—2DADBO:E —|—qABDEDEC:|: —I—O(’LLO)

NAB = NAB 1 o(u™1) as u — +o00

vacC



Ambégu&v shift in the Hamilkonian

This leads in particular to an ambiguilty in the definition of angular
momentum., This ambiguity can be fixed by requesting the BMS algebra
to be realized without 2-cocyle at the corners.

Under the skandard Dirac brackek,

Req[¢] = Ke[0) — AHE (6] + 0, AH™ [¢] — E,[0¢; o)

With hindsight we define the shift

d20
167G

1 1 !
[§fCABNAB + §YACABDCCBC + gYAaA(CgCg) '

vac

AH?(%P,Y) 9] = /s

2
0o




Final (nice) charges

. 1
M=M+ gcABNgf,

_ | 3
Ny = Ny —udaM + ZCABDCCBC + E614(030(130 ).

d20

) e
167TG[4TM+2Y NA],

H ??%,m ] = /

S

2
oo

o ALl BMS charges are identically zero
for Minkowski in an arbitrary BMS
frame

e The BMS a&gebr& s realized withoub
cenktral extension ab the corners




BMS flux algebra

“+00

— 00

Fefol = {0l - 8], = [ duo,Hio)

Supermamem&a

Superwl..oreh&z

{pT1a pTz} =0, {jY17PT2} — PYI(Tz)’ {jyl’ ']_Y2} - ']—[YI,Y2]

where

[see also Campiglia, Peraza, 020 ]



Conclusions

@ The flat BMS group admits a natural extension to (A)dS: the A-BMS
grouploid)/soft group. It is the asymptotic symmetry group of open
AL(A)dS spacetimes without any boundary condition except o
boundary gauge fixing condition (determined by a foliakion and a
measure) that does not constraint the Cauchy problem.

@ The A-BMS4 algebra is realized by the Dirac bracket of surface charges
o In AdS,4, alkernative bouv\d&rvj conditions exisk

® The flat Limit of the A-BMS4 algebra exists provided corner terms are
included in the variational principle and in the symplectic structure,
The inclusion of corner kerms might be useful in other contexts.

o BMS surface charges were proposed with two nice properties: vanishing
for Minkowski and obeviv\g the standard Dirac bracket without
central extension at the corwners.



