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≡ Ċa



Intro Electromagnetic memory Metric and frame Gravitational memory Conclusion

ELECTRODYNAMICS AT NULL INFINITY

Minkowski in Bondi coordinates (u = t− r) :

ds2 = −du2 − 2 du dr + r2 habdθadθb

I Null infinity at r→∞

Electromagnetic field A

[Radial gauge Ar ≡ 0]

I A ∼ Cadθa + 1
r DaCa + · · ·

I Ca(u, θ)

= electromagnetic boundary data

I Radiation = news tensor ∂uCa

≡ Ċa
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≡ Ċa



Intro Electromagnetic memory Metric and frame Gravitational memory Conclusion

ELECTRODYNAMICS AT NULL INFINITY

Minkowski in Bondi coordinates (u = t− r) :

ds2 = −du2 − 2 du dr + r2 habdθadθb

I Null infinity at r→∞

Electromagnetic field A [Radial gauge Ar ≡ 0]

I A ∼ Cadθa + 1
r DaCa + · · ·

I Ca(u, θ)

= electromagnetic boundary data

I Radiation = news tensor ∂uCa

≡ Ċa
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Use source-oriented frame
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I Fra = precession in longitudinal plane [unimportant for us]

I Fab + quadratic term = precession in transverse plane

Ω‖ ∼
γ

2r2

(
DaC̃a − γ ĊaC̃a

)
with C̃a = εa

b Cb dual boundary data
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)
with C̃a = εa

b Cb dual boundary data



Intro Electromagnetic memory Metric and frame Gravitational memory Conclusion

RADIATION CAUSES PRECESSION

Static observer with magnetic dipole M = Mi ei

I Orientation in Cartesian frame e1, e2, e3
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)
with C̃a = εa

b Cb dual boundary data



Intro Electromagnetic memory Metric and frame Gravitational memory Conclusion

RADIATION CAUSES PRECESSION

Orientation memory =
∫

du Ω‖

I Involves
∫

du ĊaC̃a
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but ĊaC̃a ∼ ω v2

c2 cos θ

I Analogue for black hole mergers ?

Ω‖ ∼
γ

2r2

(
DaC̃a − γ ĊaC̃a
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≡ Ċab



Intro Electromagnetic memory Metric and frame Gravitational memory Conclusion

METRIC AT INFINITY

Minkowski in Bondi coord (u = t− r) :

ds2 = −du2 − 2 du dr + r2 habdθadθb

I Null infinity at r→∞

Observer sees asymptotically flat metric :
mass angular mom

ds2 ∼ −
(
1 + · · ·

)
du2 −

(
2 + · · ·

)
du dr + (· · · )du dθa

+
(
r2hab + r Cab + · · ·

)
dθadθb

I Cab(u, θ)

= aspt shear of null rays

I Radiation = news tensor ∂uCab

≡ Ċab
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Intro Electromagnetic memory Metric and frame Gravitational memory Conclusion

METRIC AT INFINITY

Minkowski in Bondi coord (u = t− r) :

ds2 = −du2 − 2 du dr + r2 habdθadθb

I Null infinity at r→∞

Observer sees asymptotically flat metric :
mass angular mom

ds2 ∼ −
(
1 + · · ·

)
du2 −

(
2 + · · ·

)
du dr + (· · · )du dθa

+
(
r2hab + r Cab + · · ·

)
dθadθb

I Cab(u, θ) = aspt shear of null rays
I Radiation = news tensor ∂uCab ≡ Ċab
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LOCAL FRAME

Freely falling observer

with gyroscope

Measure orientation ?
I Build source-oriented frame
I Spurious precession !

Choose distant stars instead
I Compensating rotation
I Frame e1, e2, e3

I Gyroscope’s spin S = Si ei

Parallel transport↔ precession Ṡ = Ω× S
I Find Ω !
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I Find Ω !



Intro Electromagnetic memory Metric and frame Gravitational memory Conclusion

LOCAL FRAME

Freely falling observer with gyroscope

Measure orientation :
I Build source-oriented frame
I Spurious precession !

Choose distant stars instead

I Compensating rotation
I Frame e1, e2, e3

I Gyroscope’s spin S = Si ei

Parallel transport↔ precession Ṡ = Ω× S
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I Find Ω !



Intro Electromagnetic memory Metric and frame Gravitational memory Conclusion

LOCAL FRAME

Freely falling observer with gyroscope

Measure orientation :
I Build source-oriented frame
I Spurious precession !

Choose distant stars instead
I Compensating rotation

I Frame e1, e2, e3

I Gyroscope’s spin S = Si ei

Parallel transport↔ precession Ṡ = Ω× S
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Parallel transport↔ precession Ṡ = Ω× S

I Ω found from spin connection

:

Ω⊥ ∼ O(r−3), Ω‖ ∼
1
r2

(
DaDbC̃ab − 1

2 ĊabC̃ab
)

I Precession along ray axis
I Linear term

has dual shear C̃ab ≡ εcaCb
c

I Quadratic term

has news Ċab

I As in electrodynamics !

[But universal by equivalence principle]

DDC̃− 1
2 ĊC̃ = dual mass aspect [Porrati+, Godazgar+, Freidel+,...]
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I As in electrodynamics !

[But universal by equivalence principle]

DDC̃− 1
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I As in electrodynamics !

[But universal by equivalence principle]

DDC̃− 1
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2 ĊabC̃ab
)

I Precession along ray axis
I Linear term has dual shear C̃ab ≡ εcaCb

c

I Quadratic term has news Ċab
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I Ω found from spin connection :

Ω⊥ ∼ O(r−3), Ω‖ ∼
1
r2

(
DaDbC̃ab − 1
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SUMMARY
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by changing orientation wrt faraway stars

I Compute spin connection in Bondi metric
I Involves gravitomagnetic "dual" currents

Order of magnitude Φ ∼ 10−39
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I Observable for supermassive black hole mergers ?
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Merci !
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