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Abstract: | study the dynamics of a gyroscope far from an isolated source of gravitational waves. With respect to a local frame 'tied to the distant
stars, the gyroscope precesses when gravitational waves cross its path, resulting in a net “orientation memory', carrying information on the
gravitational wave profile. | show that the precession rate is given by the so-called "dua covariant mass aspect”, providing a celestially local
measurement protocol for this quantity. Moreover, | show that the net memory effect can be derived from the flux-balance equations for
superrotation charges in the "generalized BMS" algebra. Finally, | show how the spin memory effect a la Pasterski et a. is reproduced as a special
case.
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GW memory effect

Gravitational wave (GW) signal is NOT purely oscillatory
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Memory is a low frequency effect. Recall F(step)= mé(w) + -2

(197

Poor sensitivity of detectors at low frequency
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Prospects for detection: LIGO /Virgo

Not possible to detect in single event
Possible to verify it statistically, i.e. if signal with memory is preferred by data
This can be done by Bayesian model selection methods, see

mmmm Memory Search Study
Other Realizations
mmm  Detection Threshold

15

Order 2000 signals for detection

Hubner+'1 "J‘

Cumulative In BFyan

5 vyears of data collection

1000
Event ID
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Prospects for detection with LISA

The Laser Interferometer Space Antenna (LISA) has sufficient sensitivity to

observe memory in the GW signal from supermassive black hole mergers

10°

J[Hz]

Figure 1: [Credit: M. Favata '10] Black: Sensitivity curve of LISA,
, Blue: memory contribution
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GW memory Observables

1. Displacement memory [Polnarev, Zel'dovich '74]
2. Kick (velocity) memory [Flanagan+'19]

3. Spin memory [Pasterski+'16]

—»i—‘ 62.
—
—
—
—
>

-
<
]
=
L

- X

1

. Gravito-electric (mass multipoles) 3,4: Gravito-magnetic (spin multipoles)

Pirsa: 21120026 Page 6/25



Gyroscopic memory in the action
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Gyroscope dynamics
Gyroscope with velocity w = v"0,, and spin S = 5"9,, obeys Fermi-Walker
transport preserving S - u = 0:
W Vbt = (uhe” —u a)s,
An observer measures spin in a local Lorentz frame, ie. S = Sﬁ'eﬁ_ where
A en - ep = Nuv

If the observer is comoving with the gyroscope, i.e. e5 = u, then § = S’e;,

dst . - ,
— Q.87 Q.-
dr J

where the precession rates Q"j is given in terms of the spin connections

A [ ro i o o o o
W, =€ aVue =e a( e e )

v’ Since (};: is antisymmetric, the magnitude of the spin is conserved.

O,
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GR in Bondi gauge

Consider a source of GWs localized around the origin in a coordinate system

aa

x" = (u,r,x") subject to Bondi gauge conditions

grr — Qra — 0. (‘)? det ('74729(7 b) =]

The general metric takes the form

ds® = — " (Fdu® + 2dudr) + . (da® — —Qd’u)(dil‘b — —du)
x x

For any metric in this coordinate system,

u is always lightlike
7 1s the areal distance

¢ = ¢ 2P0, is tangent to affine outgoing null geodesics.

It represents null rays emanating from the source.
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Gyroscopes and gravitational waves

The gyroscope dynamics given by ;- = —u."‘w(ﬁ_j depends on:

. Asymptotically flat spacetimes in Bondi gauge: a good setup to

study GW from localized sources

. We consider two cases:
1) Freely falling gyroscopes,
2) Accelerated See paper.

. Huge gauge freedom under Local Lorentz transformations. We fix a
“frame tied to distant stars” .
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Asymptitic analysis of Einstein equations

Imposing as boundary condition , the round metric on S2,

1 1 _  _ab
Yab = Qab T T_ -F e gabc RO (e [(_52 = C-'(,_g-,(,-‘“f']

1 ) =
— C“+0(r7),
32¢2 e

] 2m 1 (
1 — —+—
T

l
16
, Il : 1| : ‘

[;‘7(‘ _ _Db(_”*ub l L(l D(I(TH + _(_’/w(t b_DC(_r‘bC,‘l + (_)(T,*Z )

1 1 e i 4
2 BD“LM — 1(D,_)(_.-““’))z) + O(r—9),

2 2

: Bondi shear, contains h, hy
m mass aspect, L, angular mom. aspect, N, = C,; news.

Balance equations

. 1 rab r 1 b C
™m = +;D(1Dbf\* -P,, La = ;D Do e — iy

where N,, = C,,;, is Bondi news and the fluxes are

1 1 ] 1
P = E ?\‘Tt?):\qlb —TJa = Dam + ED’J (—"T\Tbc(—jr_’a) S ED T\TbC Cea

&
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Gyroscope worldline

Take the velocity of the gyroscope to be u = (9, + v 0, 4+ v 0y).
Solving the geodesic equation u - Vu = 0 asymptotically implies

Free fall gyroscope (initially at rest)

: /e Pl 1 .
=14+ i e Yo = / du.'(m. + ECQ)

m — mo 1| 1

| 1 "
Vo= ey Sk L R ‘)
T 7*9(’/2+6 +8( : )

]_ vab _I. a_ 2 a -I- vab C
= =3 D0 + 5 (D12 — SL% + ZC** D*Chc)

e

Remarks.

v/ Static metric: m = mo. L® = 0 = Cy, — Newtonian force

v’ Leading angular velocity: 0% = U® = —%Db(l'“b, dragging by GWg
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Source oriented frame

Local orthonormal frame consisting of four basis vectors e;, = {ey. e, €a}
For an observer with w = (0, + v" 0, +v“0,), we choose

e; = u (Adapted to observer), er = lE —u, (Source oriented)

~
Y
!

The local frame is completed by two vectors e;

a
C’*‘ [ 2 b rb
es = % [da. + ’“r'ah(?' it & )E] :

where (,“(u,r, ") forms a dyad on the sphere

e
Yab C& ' C{; = ()fli‘) '
Asymptotically

L 2 _},“) + 00/
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Source oriented frame: not good enough

Bad side: In Minkowski, moving gyroscope precesses in the source-oriented
frame

— : _ — 1 et (i ;
War(z®) = (,,dx" , W,5(x%) = (4 DuCypdz®

aa

Leads to a because the frame has to adapt itself to the
source.

Good side: W is entirely given by the asymptotic fixed structure Z&a

It can be cancelled by an angle dependent rotation, once for all.

In physical terms, this defines a frame tied to the distant stars
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Frame tied to distant stars

Frame tied to distant stars {e}, }, is obtained by a local rotation

s e —
ey = €3 = U,

under which wis = R: mﬁ;}:”w.,»ﬂ_h + R;™dR:

jm

Ré\_j is found by solving Z’U = 0 to remove the spurious effect

T

R(z") =Pexp / w,

oy

Since angular displacement is small v* ~ O(1/r?), then

E“”) + sub.
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Spin precession

Precession of the free fall gyroscope in the Is given

up to O(1/r®) corrections by

O Qs =0

Qa5 = €538

92

] 1 J _ | — .
SZGW = _Eab (fDa,DCC‘bC - fi\"ca(fmb)
4 o)

-
Remarks.

v Transverse effect

v’ Equivalence principle. 9.he precession is dictated by the gravitational field,
irrespective of gyroscope properties (moments of inertia, spin)
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Dual covariant mass aspect: measurement protocol

Defining the dual of a given tensor X, as = €c(aXb)* [Godazgar 2, P

—_

GW:M

2

= . 1 - )
Q M = D(’t Db ¢ ab - gﬁ"a b C al

|

4
M is called [Freidel, Pranzetti '21] With nice properties:

v It transforms covariantly under superrotations with weight 3/2

v' EM dual of covariant mass aspect M = m + %N},b(}""‘b I

v In the NP formalism, 1;‘5:2 — & — UCI

v C?F = ]‘_} e M defines a dual supertranslation charge

Free fall gyroscope precession provides a measurement protocol for M ]
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Gyroscope memory and Symmetries
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GW induced precession

Parity decomposition
G — Bl Do Gl e o DO T E R o SR 5 ) e
These can be inverted, e.g.
L= BB, L= DL,

The angular momentum balance equation implies

IS

DC@:L+J, D= :D*(D*+2)

The precession is given by

T Lo s
M=DC™ — =NupC*

= = = o= l T —~ab
—5 LI L7, J:—gmuﬂ

Remark. The precession in zero for non-radiative spacetimes.
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Gyroscope memory

For free fall gyroscope
$"=0, §°=qis

Integrating over time, we find an integro-differential equation

U o
S%(u) = Sg + / du’ Q% (u') Sy (u)
Jug
which can be solved by iteration.
At leading order, the net is

.r2 )

A il 1 &b o b
9, U

where the permanent effect of GW is given by

[ / duM = AL™ + / du(J~ +J)
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Relation to generalized BMS symmetries

Let us massage the gyroscope memory

/duQGW(:t”‘) = 74 e’ DyG(z, 2) {ALH - /duJa]
- J 52 2

+ / duj

x’!

Therefore we find

/ d*u.ﬂ(:r) = B (AQY + Fy + .7})

Y A{a) =4 "DyG(x, ), superrotation parameter

Qv = 7£ VaY®L,, superrotation charge
Js2

Fy = /du_.?g Yo a superrotation flux

This establishes the link between gyroscope memory and superrotations.
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Subleading flux and duality symmetry

What is the origin of the last flux term in the memory?

AT

_ 1 : e
F=— / duﬂ-"ab(/'“(

Claim: F is the
S = O — ek s — el

.a

where € = €(x”) is an arbitrary function on the sphere.

N

Proof: Start from the Asktekar-Streubel symplectic structure

£2— — / du ?g dy N : A dy Cap

Contracting with the duality symmetry, 6Cy, = € CT’MM we get

i ‘ . r  ~ab
— gt — ikl = ~3 / du ?g € NapC :
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Gyroscope memory: summary

The freely falling gyroscope memory is given by

- 1 i [ —~
Ab‘a == —260 b S(i / M
i 2ale()

/ duM(zx) = 87(AQy + Fy + H.)

in which

Dy = ;16 LT superrotation charge
J 82

Fy /du ?g b iy superrotation flux
J 52
1 . r ~~ab -
o= 3 du @ e Nplo ™ duality generator
. J S

with superrotation and duality parameters are given by

. 1 »
Yz = e’ DyG(z, 2'), € = §82(x — ')

8m\/q ,
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Gyroscope memory vs. spin memory |-

The Sagnac effect is given by

AT = 4 Q

2
C* JInt(C)

e Q= Q. .dz® Adx" is the precession two-form

ab

Consider a Sagnac interferometer facing the source.

o)

c? Jint(ey \ 2

|

4 [ L - - e a :
AT = — (_D[GDL (";b}f = ELNC_[G 9 ‘b') dx”™ N d;fl.’(

If the size L of the Sagnac interferometer is small, the second term is smaller

by a factor L/Agw . Therefore
L GW 1 - : | O 5
QW — —;dU. = —3Dé Capdx

Therefore, we reproduce the spin memory effect of [Pasterski et al

AT = — QY = = ¢ dz*D°C,,
C” J1nt(C) ¢ Je
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Summary

Gyroscope precession measures the dual covariant mass aspect

Gyroscope memory is related to area preserving Diff(Sj) symmetries

Plus additional flux generating electric-magnetic duality

Spin memory reproduced as a special case
Outlook

EM duality in GR and its asymptotic dynamics (with M. Henneaux)
Memory effects from Wilson loops (with T. Neogi)
Memory effects vs. Berry phases (with B. Oblak, M. Petropoulos)

Fluid dynamical effective description of the celestial holography?

Thank you for your attention!
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