
Aberration of gravitational waveforms by peculiar 
velocities

Giulia Cusin

EuCAPT workshop, June 15-17, Rome



Outline

v

<latexit sha1_base64="IVtqbNcWmSGyxlp1WZOZ7pzOiMQ=">AAAB6nicdVDLSsNAFL3xWeOr6tLNYBFchaTGtu6KblxWtA9oQ5lMJ+3QyYOZSaGEfoIbF4q49Yvc+TdO2goqeuDC4Zx7ufceP+FMKtv+MFZW19Y3Ngtb5vbO7t5+8eCwJeNUENokMY9Fx8eSchbRpmKK004iKA59Ttv++Dr32xMqJIujezVNqBfiYcQCRrDS0t3ENPvFkm1d1iplt4Jsy7arTtnJSbnqnrvI0UqOEizR6Bffe4OYpCGNFOFYyq5jJ8rLsFCMcDoze6mkCSZjPKRdTSMcUull81Nn6FQrAxTEQlek0Fz9PpHhUMpp6OvOEKuR/O3l4l9eN1VBzctYlKSKRmSxKEg5UjHK/0YDJihRfKoJJoLpWxEZYYGJ0unkIXx9iv4nrbLluNbFrVuqXy3jKMAxnMAZOFCFOtxAA5pAYAgP8ATPBjcejRfjddG6YixnjuAHjLdPrveNbA==</latexit>

Which is the effect of 
a relative motion 
source-observer on an 
observed waveform?

Traditionally: we assume comoving source observer 
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Which is the effect of 
a relative motion 
source-observer on an 
observed waveform?

Traditionally: we assume comoving source observer 

Traditionally: assumed that source and observer 
are comoving. Approximation! 

Peculiar velocities and accelerations can be quite 
large for source in dense environment 
If measured: info on environment and formation 
scenarios 
If not, bias on reconstitution orbital parameters, 
that needs to be accounted for 
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Constant velocities along the line of sight: unobservable — shift of chirp mass

Acceleration along the line of sight: modification of the chirp (via time-
variation of redshift). When detectable, it can provide us with environmental 
information (formation scenarios…)
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We separate effects along line of sight and perpendicular to line of sight
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Bonvin et al. 2016, Tamanini et al. 2019



Outline

GW is a spin-2 object, it transforms as a tensor under boosts: non-transverse 
components are generated by the presence of peculiar velocities  

In the observer frame, spin-1 quantities are generated

How does this effect manifest itself on observable quantities? Which are the 
observational implications?

v

<latexit sha1_base64="IVtqbNcWmSGyxlp1WZOZ7pzOiMQ=">AAAB6nicdVDLSsNAFL3xWeOr6tLNYBFchaTGtu6KblxWtA9oQ5lMJ+3QyYOZSaGEfoIbF4q49Yvc+TdO2goqeuDC4Zx7ufceP+FMKtv+MFZW19Y3Ngtb5vbO7t5+8eCwJeNUENokMY9Fx8eSchbRpmKK004iKA59Ttv++Dr32xMqJIujezVNqBfiYcQCRrDS0t3ENPvFkm1d1iplt4Jsy7arTtnJSbnqnrvI0UqOEizR6Bffe4OYpCGNFOFYyq5jJ8rLsFCMcDoze6mkCSZjPKRdTSMcUull81Nn6FQrAxTEQlek0Fz9PpHhUMpp6OvOEKuR/O3l4l9eN1VBzctYlKSKRmSxKEg5UjHK/0YDJihRfKoJJoLpWxEZYYGJ0unkIXx9iv4nrbLluNbFrVuqXy3jKMAxnMAZOFCFOtxAA5pAYAgP8ATPBjcejRfjddG6YixnjuAHjLdPrveNbA==</latexit>

v?

<latexit sha1_base64="WexEjPnsWAdk4/EV97ziOEaZGqc=">AAAB8nicdVDLSsNAFJ3UV42vqks3g0VwFZIY27orunFZwT4gDWUynbRDJ8kwMymU0M9w40IRt36NO//GSVtBRQ9cOJxzL/feE3JGpbLtD6O0tr6xuVXeNnd29/YPKodHHZlmApM2TlkqeiGShNGEtBVVjPS4ICgOGemGk5vC706JkDRN7tWMkyBGo4RGFCOlJX86yPucCD43zUGlaltXjZrr1aBt2XbdcZ2CuHXvwoOOVgpUwQqtQeW9P0xxFpNEYYak9B2bqyBHQlHMyNzsZ5JwhCdoRHxNExQTGeSLk+fwTCtDGKVCV6LgQv0+kaNYylkc6s4YqbH87RXiX56fqagR5DThmSIJXi6KMgZVCov/4ZAKghWbaYKwoPpWiMdIIKx0SkUIX5/C/0nHtRzPurzzqs3rVRxlcAJOwTlwQB00wS1ogTbAIAUP4Ak8G8p4NF6M12VryVjNHIMfMN4+ARmOkSY=</latexit>

v||

<latexit sha1_base64="raTQ/WXaAna6ULKRUpn/UY4lt44=">AAAB73icdVBNS8NAEN3Urxq/qh69LBbBU0hibOut6MVjBWsLbSib7aZdutnE3U2hpP0TXjwo4tW/481/46atoKIPBh7vzTAzL0gYlcq2P4zCyura+kZx09za3tndK+0f3Mk4FZg0ccxi0Q6QJIxy0lRUMdJOBEFRwEgrGF3lfmtMhKQxv1WThPgRGnAaUoyUltrjXjadzkyzVyrb1kWt4noVaFu2XXVcJydu1TvzoKOVHGWwRKNXeu/2Y5xGhCvMkJQdx06UnyGhKGZkZnZTSRKER2hAOppyFBHpZ/N7Z/BEK30YxkIXV3Cufp/IUCTlJAp0Z4TUUP72cvEvr5OqsOZnlCepIhwvFoUpgyqG+fOwTwXBik00QVhQfSvEQyQQVjqiPISvT+H/5M61HM86v/HK9ctlHEVwBI7BKXBAFdTBNWiAJsCAgQfwBJ6Ne+PReDFeF60FYzlzCH7AePsE8tiP7Q==</latexit>

v?

<latexit sha1_base64="WexEjPnsWAdk4/EV97ziOEaZGqc=">AAAB8nicdVDLSsNAFJ3UV42vqks3g0VwFZIY27orunFZwT4gDWUynbRDJ8kwMymU0M9w40IRt36NO//GSVtBRQ9cOJxzL/feE3JGpbLtD6O0tr6xuVXeNnd29/YPKodHHZlmApM2TlkqeiGShNGEtBVVjPS4ICgOGemGk5vC706JkDRN7tWMkyBGo4RGFCOlJX86yPucCD43zUGlaltXjZrr1aBt2XbdcZ2CuHXvwoOOVgpUwQqtQeW9P0xxFpNEYYak9B2bqyBHQlHMyNzsZ5JwhCdoRHxNExQTGeSLk+fwTCtDGKVCV6LgQv0+kaNYylkc6s4YqbH87RXiX56fqagR5DThmSIJXi6KMgZVCov/4ZAKghWbaYKwoPpWiMdIIKx0SkUIX5/C/0nHtRzPurzzqs3rVRxlcAJOwTlwQB00wS1ogTbAIAUP4Ak8G8p4NF6M12VryVjNHIMfMN4+ARmOkSY=</latexit>

N
ew

v||

<latexit sha1_base64="raTQ/WXaAna6ULKRUpn/UY4lt44=">AAAB73icdVBNS8NAEN3Urxq/qh69LBbBU0hibOut6MVjBWsLbSib7aZdutnE3U2hpP0TXjwo4tW/481/46atoKIPBh7vzTAzL0gYlcq2P4zCyura+kZx09za3tndK+0f3Mk4FZg0ccxi0Q6QJIxy0lRUMdJOBEFRwEgrGF3lfmtMhKQxv1WThPgRGnAaUoyUltrjXjadzkyzVyrb1kWt4noVaFu2XXVcJydu1TvzoKOVHGWwRKNXeu/2Y5xGhCvMkJQdx06UnyGhKGZkZnZTSRKER2hAOppyFBHpZ/N7Z/BEK30YxkIXV3Cufp/IUCTlJAp0Z4TUUP72cvEvr5OqsOZnlCepIhwvFoUpgyqG+fOwTwXBik00QVhQfSvEQyQQVjqiPISvT+H/5M61HM86v/HK9ctlHEVwBI7BKXBAFdTBNWiAJsCAgQfwBJ6Ne+PReDFeF60FYzlzCH7AePsE8tiP7Q==</latexit>

We separate effects along line of sight and perpendicular to line of sight

Bonvin, Cusin, Mastrogiovanni et al. in prep
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Mastrogiovanni, Foffa, Cusin  et al. in prep



Motion along the line of sight  
(waveform modified via  time-variation of redshift)

Bonvin et al. 2016, Tamanini et al. 2019
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Looking at the chirp I can extract the chirp mass

chirping

Binary system of compact objects: polarisation modes
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cos[�(t)]
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r
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c
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x

✓
<latexit sha1_base64="PvzxJqpYycSL4GXWyK7KpP0KHik=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIREpQRNJRBIg8psaL1ZZMcOT90t0YKVv6BFio6RMvfUPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP2ibMNYCWyJUoe56YFDJAFskSWE30gi+p7DjTa8zv/OA2sgwuKNZhK4P40COpABKpXafJkgwqNbsup2DLxOnIDVWoDmofvWHoYh9DEgoMKbn2BG5CWiSQuG80o8NRiCmMMZeSgPw0bhJnnbOT2IDFPIINZeK5yL+3kjAN2bme+mkDzQxi14m/uf1YhpduokMopgwENkhkgrzQ0ZomdaAfCg1EkGWHLkMuAANRKglByFSMU57qaR9OIvfL5P2Wd2x687tea1xVTRTZkfsmJ0yh12wBrthTdZigt2zJ/bMXqxH69V6s95/RktWsXPI/sD6+AZaPJOt</latexit><latexit sha1_base64="PvzxJqpYycSL4GXWyK7KpP0KHik=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIREpQRNJRBIg8psaL1ZZMcOT90t0YKVv6BFio6RMvfUPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP2ibMNYCWyJUoe56YFDJAFskSWE30gi+p7DjTa8zv/OA2sgwuKNZhK4P40COpABKpXafJkgwqNbsup2DLxOnIDVWoDmofvWHoYh9DEgoMKbn2BG5CWiSQuG80o8NRiCmMMZeSgPw0bhJnnbOT2IDFPIINZeK5yL+3kjAN2bme+mkDzQxi14m/uf1YhpduokMopgwENkhkgrzQ0ZomdaAfCg1EkGWHLkMuAANRKglByFSMU57qaR9OIvfL5P2Wd2x687tea1xVTRTZkfsmJ0yh12wBrthTdZigt2zJ/bMXqxH69V6s95/RktWsXPI/sD6+AZaPJOt</latexit><latexit sha1_base64="PvzxJqpYycSL4GXWyK7KpP0KHik=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIREpQRNJRBIg8psaL1ZZMcOT90t0YKVv6BFio6RMvfUPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP2ibMNYCWyJUoe56YFDJAFskSWE30gi+p7DjTa8zv/OA2sgwuKNZhK4P40COpABKpXafJkgwqNbsup2DLxOnIDVWoDmofvWHoYh9DEgoMKbn2BG5CWiSQuG80o8NRiCmMMZeSgPw0bhJnnbOT2IDFPIINZeK5yL+3kjAN2bme+mkDzQxi14m/uf1YhpduokMopgwENkhkgrzQ0ZomdaAfCg1EkGWHLkMuAANRKglByFSMU57qaR9OIvfL5P2Wd2x687tea1xVTRTZkfsmJ0yh12wBrthTdZigt2zJ/bMXqxH69V6s95/RktWsXPI/sD6+AZaPJOt</latexit><latexit sha1_base64="PvzxJqpYycSL4GXWyK7KpP0KHik=">AAAB+HicbVC7TsNAEDyHVwivACXNiQiJKrIREpQRNJRBIg8psaL1ZZMcOT90t0YKVv6BFio6RMvfUPAv2MYFJEw1mtnVzo4XKWnItj+t0srq2vpGebOytb2zu1fdP2ibMNYCWyJUoe56YFDJAFskSWE30gi+p7DjTa8zv/OA2sgwuKNZhK4P40COpABKpXafJkgwqNbsup2DLxOnIDVWoDmofvWHoYh9DEgoMKbn2BG5CWiSQuG80o8NRiCmMMZeSgPw0bhJnnbOT2IDFPIINZeK5yL+3kjAN2bme+mkDzQxi14m/uf1YhpduokMopgwENkhkgrzQ0ZomdaAfCg1EkGWHLkMuAANRKglByFSMU57qaR9OIvfL5P2Wd2x687tea1xVTRTZkfsmJ0yh12wBrthTdZigt2zJ/bMXqxH69V6s95/RktWsXPI/sD6+AZaPJOt</latexit>



Waveform in a cosmological context

Up to now we considered: flat universe with no expansion and no perturbations

We want to rewrite the waveform at the observer accounting for the fact that 
Universe is expanding  (and that there are cosmological  perturbations)



Waveform in the source frame 

h+(⌧s) =
4

asr
(GMc)

5/3(⇡fs(⌧s))
2/3 1 + cos2 ✓

2
cos(�s(⌧s))

h⇥(⌧s) =
4

asr
(GMc)

5/3(⇡fs(⌧s))
2/3 cos ✓ sin(�s(⌧s))

observer

Observed polarisation in terms of quantities defined in the source frame

Scale factor accounts for expansion of the Universe



dp = asr = dL/(1 + zs)

fs = (1 + zs)fo
�s(⌧s) = �o(⌧o(⌧s)) phase is constant along 

null geodesics

From source frame to observer frame 

h+(⌧s) =
4

asr
(GMc)

5/3(⇡fs(⌧s))
2/3 1 + cos2 ✓

2
cos(�s(⌧s))

h⇥(⌧s) =
4

asr
(GMc)

5/3(⇡fs(⌧s))
2/3 cos ✓ sin(�s(⌧s))

I want to rewrite this in the observer frame

observer



Observer frame
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Mc(1 + z) fo = fs/(1 + z)
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Final result in terms of quantities in the observer frame

observer



Evolution of frequency in observer frame

dfs
dts

= CM5/3
c f11/3

s
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background 
contribution

perturbations

1 + zs =
ao
as

[1 + n · vs + . . . ]
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Source frame Observer frame



Evolution of frequency in observer frame

dfo
dto

= C(Mc(1 + zs))
5/3f11/3

o

<latexit sha1_base64="6Ty/NLMER6AvxmsvGXT/3Nku00s="></latexit>

If we neglect redshift evolution: effects is a (unobservable) shift in chirp mass

background 
contribution

perturbations

1 + zs =
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[1 + n · vs + . . . ]
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Source frame Observer frame



Y (zs) = X(zs) + �X(zs)

X(zs) =
1

2

✓
H0 �

Hs

1 + z̄s

◆

Evolution of redshift: modification of the chirp  

If we solve the equation taking into account redshift evolution

background 
contribution: no 
significant imprint

Peculiar acceleration along the line of 
sight: detectable imprint!

�X(zs) =
1

2

✓
v̇s · n
1 + z̄s

+ . . .

◆
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Bonvin et al. 2016



Peculiar motion along the line of sight: summary

—Variation of velocities along line of sight induces time-variation in the redshift,  
which in turn modifies chirp 

—When going to Fourier space using stationary phase approximation, effect on 
both phase and amplitude of the wave 

—To be relevant, we need time for the effects to “accumulate” : target for LISA  

—Long-lived stellar mass black hole: peculiar acceleration 
measurable by LISA with 10 years mission, giving info on 
formation scenario (e.g. in AGN disks)   

—For large fraction of LISA events: bias in the 
reconstruction of source parameters (e.g. luminosity 
distance)

Tamanini et al. 2019



Motion perpendicular the line of sight  
(polarisation mixing)

Bonvin, Cusin, Mastrogiovanni, Gair, Congedo, Tamanini (in prep)

v
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Motion perpendicular to the line of sight:  effect on polarisation

But…GW is a spin-2 object, it transforms as a tensor under boosts: full 
polarisation structure needs to be considered to fully study the effect of peculiar 
motion  

v
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Up to now we have treated the two polarisation separately (as if they where scalar 
objects) and considered effects of motion along the line of sight on each one 



geodesic deviation equation (      vector between two nearby rays)

driving force matrix (proportional to the GW in TT gauge) 

d2⇠i

dt2
= R0i0j⇠

j
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Effect of GW on test particles can be described by

Polarizations of a GW: general concepts
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<latexit sha1_base64="N/+SJVFDQq7z7/TanhLfYujLLhM=">AAAB93icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgjKChjJIOImUmOh82YRVzg/drRGRlW+ghYoO0fI5FPwLtnEBCVONZna1s+PHCg3Z9qe1tLyyurZe2ahubm3v7Nb29tsmSrQEV0Yq0l1fGFAYgktICrqxBhH4Cjr+5Cr3Ow+gDUbhLU1j8AIxDnGEUlAmuf1HvMNBrW437AJ8kTglqbMSrUHtqz+MZBJASFIJY3qOHZOXCk0oFcyq/cRALOREjKGX0VAEYLy0CDvjx4kRFPEYNEfFCxF+b6QiMGYa+NlkIOjezHu5+J/XS2h04aUYxglBKPNDhAqKQ0ZqzFoAPkQNRCJPDhxDLoUWRKCRCykzMclqqWZ9OPPfL5L2acOxG87NWb15WTZTYYfsiJ0wh52zJrtmLeYyyZA9sWf2Yk2tV+vNev8ZXbLKnQP2B9bHN4e6kzU=</latexit><latexit sha1_base64="N/+SJVFDQq7z7/TanhLfYujLLhM=">AAAB93icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgjKChjJIOImUmOh82YRVzg/drRGRlW+ghYoO0fI5FPwLtnEBCVONZna1s+PHCg3Z9qe1tLyyurZe2ahubm3v7Nb29tsmSrQEV0Yq0l1fGFAYgktICrqxBhH4Cjr+5Cr3Ow+gDUbhLU1j8AIxDnGEUlAmuf1HvMNBrW437AJ8kTglqbMSrUHtqz+MZBJASFIJY3qOHZOXCk0oFcyq/cRALOREjKGX0VAEYLy0CDvjx4kRFPEYNEfFCxF+b6QiMGYa+NlkIOjezHu5+J/XS2h04aUYxglBKPNDhAqKQ0ZqzFoAPkQNRCJPDhxDLoUWRKCRCykzMclqqWZ9OPPfL5L2acOxG87NWb15WTZTYYfsiJ0wh52zJrtmLeYyyZA9sWf2Yk2tV+vNev8ZXbLKnQP2B9bHN4e6kzU=</latexit><latexit sha1_base64="N/+SJVFDQq7z7/TanhLfYujLLhM=">AAAB93icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgjKChjJIOImUmOh82YRVzg/drRGRlW+ghYoO0fI5FPwLtnEBCVONZna1s+PHCg3Z9qe1tLyyurZe2ahubm3v7Nb29tsmSrQEV0Yq0l1fGFAYgktICrqxBhH4Cjr+5Cr3Ow+gDUbhLU1j8AIxDnGEUlAmuf1HvMNBrW437AJ8kTglqbMSrUHtqz+MZBJASFIJY3qOHZOXCk0oFcyq/cRALOREjKGX0VAEYLy0CDvjx4kRFPEYNEfFCxF+b6QiMGYa+NlkIOjezHu5+J/XS2h04aUYxglBKPNDhAqKQ0ZqzFoAPkQNRCJPDhxDLoUWRKCRCykzMclqqWZ9OPPfL5L2acOxG87NWb15WTZTYYfsiJ0wh52zJrtmLeYyyZA9sWf2Yk2tV+vNev8ZXbLKnQP2B9bHN4e6kzU=</latexit><latexit sha1_base64="N/+SJVFDQq7z7/TanhLfYujLLhM=">AAAB93icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgjKChjJIOImUmOh82YRVzg/drRGRlW+ghYoO0fI5FPwLtnEBCVONZna1s+PHCg3Z9qe1tLyyurZe2ahubm3v7Nb29tsmSrQEV0Yq0l1fGFAYgktICrqxBhH4Cjr+5Cr3Ow+gDUbhLU1j8AIxDnGEUlAmuf1HvMNBrW437AJ8kTglqbMSrUHtqz+MZBJASFIJY3qOHZOXCk0oFcyq/cRALOREjKGX0VAEYLy0CDvjx4kRFPEYNEfFCxF+b6QiMGYa+NlkIOjezHu5+J/XS2h04aUYxglBKPNDhAqKQ0ZqzFoAPkQNRCJPDhxDLoUWRKCRCykzMclqqWZ9OPPfL5L2acOxG87NWb15WTZTYYfsiJ0wh52zJrtmLeYyyZA9sWf2Yk2tV+vNev8ZXbLKnQP2B9bHN4e6kzU=</latexit>

Sij(t) ⌘ R0i0j
<latexit sha1_base64="t09ue2Oe0oyotuwDqjdAYWkvA/o=">AAACFnicbVC7TsNAEDzzJrwClDQnIqTQRDZCghJBQxkeCUhJZK2PBRbOD+7WSMhyzyfwFbRQ0SFaWgr+BTukAMJUo5ld7ewEiSbLrvvhjIyOjU9MTk1XZmbn5heqi0ttG6dGYUvFOjanAVjUFGGLiTWeJgYhDDSeBNd7pX9yi8ZSHB3zXYK9EC4iOicFXEh+dfXIz+gqr/N6F29SupXdEPhSgc4Ocz9zyb3K/WrNbbh9yGHiDUhNDND0q5/ds1ilIUasNFjb8dyEexkYJqUxr3RTiwmoa7jATkEjCNH2sv4vuVxLLXAsEzSStOyL+HMjg9DauzAoJsuk9q9Xiv95nZTPt3sZRUnKGKnyEJPG/iGrDBUloTwjg8xQJkdJkVRggBkNSVCqENOitUrRh/f3+2HS3mh4bsM72Kzt7A6amRIrYlXUhSe2xI7YF03REkrci0fxJJ6dB+fFeXXevkdHnMHOsvgF5/0LER6fdg==</latexit><latexit sha1_base64="t09ue2Oe0oyotuwDqjdAYWkvA/o=">AAACFnicbVC7TsNAEDzzJrwClDQnIqTQRDZCghJBQxkeCUhJZK2PBRbOD+7WSMhyzyfwFbRQ0SFaWgr+BTukAMJUo5ld7ewEiSbLrvvhjIyOjU9MTk1XZmbn5heqi0ttG6dGYUvFOjanAVjUFGGLiTWeJgYhDDSeBNd7pX9yi8ZSHB3zXYK9EC4iOicFXEh+dfXIz+gqr/N6F29SupXdEPhSgc4Ocz9zyb3K/WrNbbh9yGHiDUhNDND0q5/ds1ilIUasNFjb8dyEexkYJqUxr3RTiwmoa7jATkEjCNH2sv4vuVxLLXAsEzSStOyL+HMjg9DauzAoJsuk9q9Xiv95nZTPt3sZRUnKGKnyEJPG/iGrDBUloTwjg8xQJkdJkVRggBkNSVCqENOitUrRh/f3+2HS3mh4bsM72Kzt7A6amRIrYlXUhSe2xI7YF03REkrci0fxJJ6dB+fFeXXevkdHnMHOsvgF5/0LER6fdg==</latexit><latexit sha1_base64="t09ue2Oe0oyotuwDqjdAYWkvA/o=">AAACFnicbVC7TsNAEDzzJrwClDQnIqTQRDZCghJBQxkeCUhJZK2PBRbOD+7WSMhyzyfwFbRQ0SFaWgr+BTukAMJUo5ld7ewEiSbLrvvhjIyOjU9MTk1XZmbn5heqi0ttG6dGYUvFOjanAVjUFGGLiTWeJgYhDDSeBNd7pX9yi8ZSHB3zXYK9EC4iOicFXEh+dfXIz+gqr/N6F29SupXdEPhSgc4Ocz9zyb3K/WrNbbh9yGHiDUhNDND0q5/ds1ilIUasNFjb8dyEexkYJqUxr3RTiwmoa7jATkEjCNH2sv4vuVxLLXAsEzSStOyL+HMjg9DauzAoJsuk9q9Xiv95nZTPt3sZRUnKGKnyEJPG/iGrDBUloTwjg8xQJkdJkVRggBkNSVCqENOitUrRh/f3+2HS3mh4bsM72Kzt7A6amRIrYlXUhSe2xI7YF03REkrci0fxJJ6dB+fFeXXevkdHnMHOsvgF5/0LER6fdg==</latexit><latexit sha1_base64="t09ue2Oe0oyotuwDqjdAYWkvA/o=">AAACFnicbVC7TsNAEDzzJrwClDQnIqTQRDZCghJBQxkeCUhJZK2PBRbOD+7WSMhyzyfwFbRQ0SFaWgr+BTukAMJUo5ld7ewEiSbLrvvhjIyOjU9MTk1XZmbn5heqi0ttG6dGYUvFOjanAVjUFGGLiTWeJgYhDDSeBNd7pX9yi8ZSHB3zXYK9EC4iOicFXEh+dfXIz+gqr/N6F29SupXdEPhSgc4Ocz9zyb3K/WrNbbh9yGHiDUhNDND0q5/ds1ilIUasNFjb8dyEexkYJqUxr3RTiwmoa7jATkEjCNH2sv4vuVxLLXAsEzSStOyL+HMjg9DauzAoJsuk9q9Xiv95nZTPt3sZRUnKGKnyEJPG/iGrDBUloTwjg8xQJkdJkVRggBkNSVCqENOitUrRh/f3+2HS3mh4bsM72Kzt7A6amRIrYlXUhSe2xI7YF03REkrci0fxJJ6dB+fFeXXevkdHnMHOsvgF5/0LER6fdg==</latexit>

Pij(t)

<latexit sha1_base64="3h5qGH0UHeMH11tGAYaLeS3k9mI=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBDiJexKRI9BLx4jmIckS5idTJIxs7PLTK8QlnyFFw+KePVzvPk3TpI9aGJBQ1HVTXdXEEth0HW/nZXVtfWNzdxWfntnd2+/cHDYMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMbqZ+84lrIyJ1j+OY+yEdKNEXjKKVHmrdVDxOSnjWLRTdsjsDWSZeRoqQodYtfHV6EUtCrpBJakzbc2P0U6pRMMkn+U5ieEzZiA5421JFQ278dHbwhJxapUf6kbalkMzU3xMpDY0Zh4HtDCkOzaI3Ff/z2gn2r/xUqDhBrth8UT+RBCMy/Z70hOYM5dgSyrSwtxI2pJoytBnlbQje4svLpHFe9irli7tKsXqdxZGDYziBEnhwCVW4hRrUgUEIz/AKb452Xpx352PeuuJkM0fwB87nD1QKkBs=</latexit>

GW rays



In a generic theory of gravity: 6 polarisations. For a wave propagating along z

general relativity: plus 
and cross polarisations

Polarisations transverse 
to the polarisation plane 
(modified gravity)

Effect of GW on test particles can be described by

Pij(t)

<latexit sha1_base64="3h5qGH0UHeMH11tGAYaLeS3k9mI=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBDiJexKRI9BLx4jmIckS5idTJIxs7PLTK8QlnyFFw+KePVzvPk3TpI9aGJBQ1HVTXdXEEth0HW/nZXVtfWNzdxWfntnd2+/cHDYMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMbqZ+84lrIyJ1j+OY+yEdKNEXjKKVHmrdVDxOSnjWLRTdsjsDWSZeRoqQodYtfHV6EUtCrpBJakzbc2P0U6pRMMkn+U5ieEzZiA5421JFQ278dHbwhJxapUf6kbalkMzU3xMpDY0Zh4HtDCkOzaI3Ff/z2gn2r/xUqDhBrth8UT+RBCMy/Z70hOYM5dgSyrSwtxI2pJoytBnlbQje4svLpHFe9irli7tKsXqdxZGDYziBEnhwCVW4hRrUgUEIz/AKb452Xpx352PeuuJkM0fwB87nD1QKkBs=</latexit>

Polarizations of a GW: general concepts

geodesic deviation equation (      vector between two nearby rays)

driving force matrix (proportional to the GW in TT gauge) 

d2⇠i

dt2
= R0i0j⇠

j

<latexit sha1_base64="tsFSRGckfd+9dXsREE+VXYkTi3s="></latexit><latexit sha1_base64="tsFSRGckfd+9dXsREE+VXYkTi3s="></latexit><latexit sha1_base64="tsFSRGckfd+9dXsREE+VXYkTi3s="></latexit><latexit sha1_base64="tsFSRGckfd+9dXsREE+VXYkTi3s="></latexit>

⇠i
<latexit sha1_base64="N/+SJVFDQq7z7/TanhLfYujLLhM=">AAAB93icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgjKChjJIOImUmOh82YRVzg/drRGRlW+ghYoO0fI5FPwLtnEBCVONZna1s+PHCg3Z9qe1tLyyurZe2ahubm3v7Nb29tsmSrQEV0Yq0l1fGFAYgktICrqxBhH4Cjr+5Cr3Ow+gDUbhLU1j8AIxDnGEUlAmuf1HvMNBrW437AJ8kTglqbMSrUHtqz+MZBJASFIJY3qOHZOXCk0oFcyq/cRALOREjKGX0VAEYLy0CDvjx4kRFPEYNEfFCxF+b6QiMGYa+NlkIOjezHu5+J/XS2h04aUYxglBKPNDhAqKQ0ZqzFoAPkQNRCJPDhxDLoUWRKCRCykzMclqqWZ9OPPfL5L2acOxG87NWb15WTZTYYfsiJ0wh52zJrtmLeYyyZA9sWf2Yk2tV+vNev8ZXbLKnQP2B9bHN4e6kzU=</latexit><latexit sha1_base64="N/+SJVFDQq7z7/TanhLfYujLLhM=">AAAB93icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgjKChjJIOImUmOh82YRVzg/drRGRlW+ghYoO0fI5FPwLtnEBCVONZna1s+PHCg3Z9qe1tLyyurZe2ahubm3v7Nb29tsmSrQEV0Yq0l1fGFAYgktICrqxBhH4Cjr+5Cr3Ow+gDUbhLU1j8AIxDnGEUlAmuf1HvMNBrW437AJ8kTglqbMSrUHtqz+MZBJASFIJY3qOHZOXCk0oFcyq/cRALOREjKGX0VAEYLy0CDvjx4kRFPEYNEfFCxF+b6QiMGYa+NlkIOjezHu5+J/XS2h04aUYxglBKPNDhAqKQ0ZqzFoAPkQNRCJPDhxDLoUWRKCRCykzMclqqWZ9OPPfL5L2acOxG87NWb15WTZTYYfsiJ0wh52zJrtmLeYyyZA9sWf2Yk2tV+vNev8ZXbLKnQP2B9bHN4e6kzU=</latexit><latexit sha1_base64="N/+SJVFDQq7z7/TanhLfYujLLhM=">AAAB93icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgjKChjJIOImUmOh82YRVzg/drRGRlW+ghYoO0fI5FPwLtnEBCVONZna1s+PHCg3Z9qe1tLyyurZe2ahubm3v7Nb29tsmSrQEV0Yq0l1fGFAYgktICrqxBhH4Cjr+5Cr3Ow+gDUbhLU1j8AIxDnGEUlAmuf1HvMNBrW437AJ8kTglqbMSrUHtqz+MZBJASFIJY3qOHZOXCk0oFcyq/cRALOREjKGX0VAEYLy0CDvjx4kRFPEYNEfFCxF+b6QiMGYa+NlkIOjezHu5+J/XS2h04aUYxglBKPNDhAqKQ0ZqzFoAPkQNRCJPDhxDLoUWRKCRCykzMclqqWZ9OPPfL5L2acOxG87NWb15WTZTYYfsiJ0wh52zJrtmLeYyyZA9sWf2Yk2tV+vNev8ZXbLKnQP2B9bHN4e6kzU=</latexit><latexit sha1_base64="N/+SJVFDQq7z7/TanhLfYujLLhM=">AAAB93icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgjKChjJIOImUmOh82YRVzg/drRGRlW+ghYoO0fI5FPwLtnEBCVONZna1s+PHCg3Z9qe1tLyyurZe2ahubm3v7Nb29tsmSrQEV0Yq0l1fGFAYgktICrqxBhH4Cjr+5Cr3Ow+gDUbhLU1j8AIxDnGEUlAmuf1HvMNBrW437AJ8kTglqbMSrUHtqz+MZBJASFIJY3qOHZOXCk0oFcyq/cRALOREjKGX0VAEYLy0CDvjx4kRFPEYNEfFCxF+b6QiMGYa+NlkIOjezHu5+J/XS2h04aUYxglBKPNDhAqKQ0ZqzFoAPkQNRCJPDhxDLoUWRKCRCykzMclqqWZ9OPPfL5L2acOxG87NWb15WTZTYYfsiJ0wh52zJrtmLeYyyZA9sWf2Yk2tV+vNev8ZXbLKnQP2B9bHN4e6kzU=</latexit>

Sij(t) ⌘ R0i0j
<latexit sha1_base64="t09ue2Oe0oyotuwDqjdAYWkvA/o=">AAACFnicbVC7TsNAEDzzJrwClDQnIqTQRDZCghJBQxkeCUhJZK2PBRbOD+7WSMhyzyfwFbRQ0SFaWgr+BTukAMJUo5ld7ewEiSbLrvvhjIyOjU9MTk1XZmbn5heqi0ttG6dGYUvFOjanAVjUFGGLiTWeJgYhDDSeBNd7pX9yi8ZSHB3zXYK9EC4iOicFXEh+dfXIz+gqr/N6F29SupXdEPhSgc4Ocz9zyb3K/WrNbbh9yGHiDUhNDND0q5/ds1ilIUasNFjb8dyEexkYJqUxr3RTiwmoa7jATkEjCNH2sv4vuVxLLXAsEzSStOyL+HMjg9DauzAoJsuk9q9Xiv95nZTPt3sZRUnKGKnyEJPG/iGrDBUloTwjg8xQJkdJkVRggBkNSVCqENOitUrRh/f3+2HS3mh4bsM72Kzt7A6amRIrYlXUhSe2xI7YF03REkrci0fxJJ6dB+fFeXXevkdHnMHOsvgF5/0LER6fdg==</latexit><latexit sha1_base64="t09ue2Oe0oyotuwDqjdAYWkvA/o=">AAACFnicbVC7TsNAEDzzJrwClDQnIqTQRDZCghJBQxkeCUhJZK2PBRbOD+7WSMhyzyfwFbRQ0SFaWgr+BTukAMJUo5ld7ewEiSbLrvvhjIyOjU9MTk1XZmbn5heqi0ttG6dGYUvFOjanAVjUFGGLiTWeJgYhDDSeBNd7pX9yi8ZSHB3zXYK9EC4iOicFXEh+dfXIz+gqr/N6F29SupXdEPhSgc4Ocz9zyb3K/WrNbbh9yGHiDUhNDND0q5/ds1ilIUasNFjb8dyEexkYJqUxr3RTiwmoa7jATkEjCNH2sv4vuVxLLXAsEzSStOyL+HMjg9DauzAoJsuk9q9Xiv95nZTPt3sZRUnKGKnyEJPG/iGrDBUloTwjg8xQJkdJkVRggBkNSVCqENOitUrRh/f3+2HS3mh4bsM72Kzt7A6amRIrYlXUhSe2xI7YF03REkrci0fxJJ6dB+fFeXXevkdHnMHOsvgF5/0LER6fdg==</latexit><latexit sha1_base64="t09ue2Oe0oyotuwDqjdAYWkvA/o=">AAACFnicbVC7TsNAEDzzJrwClDQnIqTQRDZCghJBQxkeCUhJZK2PBRbOD+7WSMhyzyfwFbRQ0SFaWgr+BTukAMJUo5ld7ewEiSbLrvvhjIyOjU9MTk1XZmbn5heqi0ttG6dGYUvFOjanAVjUFGGLiTWeJgYhDDSeBNd7pX9yi8ZSHB3zXYK9EC4iOicFXEh+dfXIz+gqr/N6F29SupXdEPhSgc4Ocz9zyb3K/WrNbbh9yGHiDUhNDND0q5/ds1ilIUasNFjb8dyEexkYJqUxr3RTiwmoa7jATkEjCNH2sv4vuVxLLXAsEzSStOyL+HMjg9DauzAoJsuk9q9Xiv95nZTPt3sZRUnKGKnyEJPG/iGrDBUloTwjg8xQJkdJkVRggBkNSVCqENOitUrRh/f3+2HS3mh4bsM72Kzt7A6amRIrYlXUhSe2xI7YF03REkrci0fxJJ6dB+fFeXXevkdHnMHOsvgF5/0LER6fdg==</latexit><latexit sha1_base64="t09ue2Oe0oyotuwDqjdAYWkvA/o=">AAACFnicbVC7TsNAEDzzJrwClDQnIqTQRDZCghJBQxkeCUhJZK2PBRbOD+7WSMhyzyfwFbRQ0SFaWgr+BTukAMJUo5ld7ewEiSbLrvvhjIyOjU9MTk1XZmbn5heqi0ttG6dGYUvFOjanAVjUFGGLiTWeJgYhDDSeBNd7pX9yi8ZSHB3zXYK9EC4iOicFXEh+dfXIz+gqr/N6F29SupXdEPhSgc4Ocz9zyb3K/WrNbbh9yGHiDUhNDND0q5/ds1ilIUasNFjb8dyEexkYJqUxr3RTiwmoa7jATkEjCNH2sv4vuVxLLXAsEzSStOyL+HMjg9DauzAoJsuk9q9Xiv95nZTPt3sZRUnKGKnyEJPG/iGrDBUloTwjg8xQJkdJkVRggBkNSVCqENOitUrRh/f3+2HS3mh4bsM72Kzt7A6amRIrYlXUhSe2xI7YF03REkrci0fxJJ6dB+fFeXXevkdHnMHOsvgF5/0LER6fdg==</latexit>

Pij(t)

<latexit sha1_base64="3h5qGH0UHeMH11tGAYaLeS3k9mI=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBDiJexKRI9BLx4jmIckS5idTJIxs7PLTK8QlnyFFw+KePVzvPk3TpI9aGJBQ1HVTXdXEEth0HW/nZXVtfWNzdxWfntnd2+/cHDYMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMbqZ+84lrIyJ1j+OY+yEdKNEXjKKVHmrdVDxOSnjWLRTdsjsDWSZeRoqQodYtfHV6EUtCrpBJakzbc2P0U6pRMMkn+U5ieEzZiA5421JFQ278dHbwhJxapUf6kbalkMzU3xMpDY0Zh4HtDCkOzaI3Ff/z2gn2r/xUqDhBrth8UT+RBCMy/Z70hOYM5dgSyrSwtxI2pJoytBnlbQje4svLpHFe9irli7tKsXqdxZGDYziBEnhwCVW4hRrUgUEIz/AKb452Xpx352PeuuJkM0fwB87nD1QKkBs=</latexit>



C de Rham “Massive gravity”

�22
<latexit sha1_base64="0sAcm9QbYZIRnT4d/PTD1YN2bzE=">AAAB+3icbVC7TsNAEDyHVwivACXNiQiJKrIjJCgjaCiDRB4oiaLzZZOccne27tZIkeWvoIWKDtHyMRT8C7ZxAQlTjWZ2tbPjh1JYdN1Pp7S2vrG5Vd6u7Ozu7R9UD486NogMhzYPZGB6PrMghYY2CpTQCw0w5Uvo+vObzO8+grEi0Pe4CGGo2FSLieAMU+lh0JqJUdxoJKNqza27Oegq8QpSIwVao+rXYBzwSIFGLpm1fc8NcRgzg4JLSCqDyELI+JxNoZ9SzRTYYZwHTuhZZBkGNARDhaS5CL83YqasXSg/nVQMZ3bZy8T/vH6Ek6thLHQYIWieHUIhIT9kuRFpE0DHwgAiy5IDFZpyZhgiGEEZ56kYpdVU0j685e9XSadR99y6d3dRa14XzZTJCTkl58Qjl6RJbkmLtAknijyRZ/LiJM6r8+a8/4yWnGLnmPyB8/ENBOOUkQ==</latexit><latexit sha1_base64="0sAcm9QbYZIRnT4d/PTD1YN2bzE=">AAAB+3icbVC7TsNAEDyHVwivACXNiQiJKrIjJCgjaCiDRB4oiaLzZZOccne27tZIkeWvoIWKDtHyMRT8C7ZxAQlTjWZ2tbPjh1JYdN1Pp7S2vrG5Vd6u7Ozu7R9UD486NogMhzYPZGB6PrMghYY2CpTQCw0w5Uvo+vObzO8+grEi0Pe4CGGo2FSLieAMU+lh0JqJUdxoJKNqza27Oegq8QpSIwVao+rXYBzwSIFGLpm1fc8NcRgzg4JLSCqDyELI+JxNoZ9SzRTYYZwHTuhZZBkGNARDhaS5CL83YqasXSg/nVQMZ3bZy8T/vH6Ek6thLHQYIWieHUIhIT9kuRFpE0DHwgAiy5IDFZpyZhgiGEEZ56kYpdVU0j685e9XSadR99y6d3dRa14XzZTJCTkl58Qjl6RJbkmLtAknijyRZ/LiJM6r8+a8/4yWnGLnmPyB8/ENBOOUkQ==</latexit><latexit sha1_base64="0sAcm9QbYZIRnT4d/PTD1YN2bzE=">AAAB+3icbVC7TsNAEDyHVwivACXNiQiJKrIjJCgjaCiDRB4oiaLzZZOccne27tZIkeWvoIWKDtHyMRT8C7ZxAQlTjWZ2tbPjh1JYdN1Pp7S2vrG5Vd6u7Ozu7R9UD486NogMhzYPZGB6PrMghYY2CpTQCw0w5Uvo+vObzO8+grEi0Pe4CGGo2FSLieAMU+lh0JqJUdxoJKNqza27Oegq8QpSIwVao+rXYBzwSIFGLpm1fc8NcRgzg4JLSCqDyELI+JxNoZ9SzRTYYZwHTuhZZBkGNARDhaS5CL83YqasXSg/nVQMZ3bZy8T/vH6Ek6thLHQYIWieHUIhIT9kuRFpE0DHwgAiy5IDFZpyZhgiGEEZ56kYpdVU0j685e9XSadR99y6d3dRa14XzZTJCTkl58Qjl6RJbkmLtAknijyRZ/LiJM6r8+a8/4yWnGLnmPyB8/ENBOOUkQ==</latexit><latexit sha1_base64="0sAcm9QbYZIRnT4d/PTD1YN2bzE=">AAAB+3icbVC7TsNAEDyHVwivACXNiQiJKrIjJCgjaCiDRB4oiaLzZZOccne27tZIkeWvoIWKDtHyMRT8C7ZxAQlTjWZ2tbPjh1JYdN1Pp7S2vrG5Vd6u7Ozu7R9UD486NogMhzYPZGB6PrMghYY2CpTQCw0w5Uvo+vObzO8+grEi0Pe4CGGo2FSLieAMU+lh0JqJUdxoJKNqza27Oegq8QpSIwVao+rXYBzwSIFGLpm1fc8NcRgzg4JLSCqDyELI+JxNoZ9SzRTYYZwHTuhZZBkGNARDhaS5CL83YqasXSg/nVQMZ3bZy8T/vH6Ek6thLHQYIWieHUIhIT9kuRFpE0DHwgAiy5IDFZpyZhgiGEEZ56kYpdVU0j685e9XSadR99y6d3dRa14XzZTJCTkl58Qjl6RJbkmLtAknijyRZ/LiJM6r8+a8/4yWnGLnmPyB8/ENBOOUkQ==</latexit>
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C de Rham “Massive gravity”

Vector mode 
excited in GR 
by peculiar 
velocities 

(transverse)
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For a wave propagating along the z direction

general relativity: plus 
and cross polarisations

Polarisations transverse 
to the polarisation plane 
(modified gravity)

Effect of GW on test particles can be described by

Pij(t)
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Polarizations of a GW: general concepts

Apparent transverse 
polarisations appear in 
general relativity in the 
presence of a relative 
motion source-observer

geodesic deviation equation (      vector between two nearby rays)

driving force matrix (proportional to the GW in TT gauge) 

d2⇠i

dt2
= R0i0j⇠

j
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<latexit sha1_base64="N/+SJVFDQq7z7/TanhLfYujLLhM=">AAAB93icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgjKChjJIOImUmOh82YRVzg/drRGRlW+ghYoO0fI5FPwLtnEBCVONZna1s+PHCg3Z9qe1tLyyurZe2ahubm3v7Nb29tsmSrQEV0Yq0l1fGFAYgktICrqxBhH4Cjr+5Cr3Ow+gDUbhLU1j8AIxDnGEUlAmuf1HvMNBrW437AJ8kTglqbMSrUHtqz+MZBJASFIJY3qOHZOXCk0oFcyq/cRALOREjKGX0VAEYLy0CDvjx4kRFPEYNEfFCxF+b6QiMGYa+NlkIOjezHu5+J/XS2h04aUYxglBKPNDhAqKQ0ZqzFoAPkQNRCJPDhxDLoUWRKCRCykzMclqqWZ9OPPfL5L2acOxG87NWb15WTZTYYfsiJ0wh52zJrtmLeYyyZA9sWf2Yk2tV+vNev8ZXbLKnQP2B9bHN4e6kzU=</latexit><latexit sha1_base64="N/+SJVFDQq7z7/TanhLfYujLLhM=">AAAB93icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgjKChjJIOImUmOh82YRVzg/drRGRlW+ghYoO0fI5FPwLtnEBCVONZna1s+PHCg3Z9qe1tLyyurZe2ahubm3v7Nb29tsmSrQEV0Yq0l1fGFAYgktICrqxBhH4Cjr+5Cr3Ow+gDUbhLU1j8AIxDnGEUlAmuf1HvMNBrW437AJ8kTglqbMSrUHtqz+MZBJASFIJY3qOHZOXCk0oFcyq/cRALOREjKGX0VAEYLy0CDvjx4kRFPEYNEfFCxF+b6QiMGYa+NlkIOjezHu5+J/XS2h04aUYxglBKPNDhAqKQ0ZqzFoAPkQNRCJPDhxDLoUWRKCRCykzMclqqWZ9OPPfL5L2acOxG87NWb15WTZTYYfsiJ0wh52zJrtmLeYyyZA9sWf2Yk2tV+vNev8ZXbLKnQP2B9bHN4e6kzU=</latexit><latexit sha1_base64="N/+SJVFDQq7z7/TanhLfYujLLhM=">AAAB93icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgjKChjJIOImUmOh82YRVzg/drRGRlW+ghYoO0fI5FPwLtnEBCVONZna1s+PHCg3Z9qe1tLyyurZe2ahubm3v7Nb29tsmSrQEV0Yq0l1fGFAYgktICrqxBhH4Cjr+5Cr3Ow+gDUbhLU1j8AIxDnGEUlAmuf1HvMNBrW437AJ8kTglqbMSrUHtqz+MZBJASFIJY3qOHZOXCk0oFcyq/cRALOREjKGX0VAEYLy0CDvjx4kRFPEYNEfFCxF+b6QiMGYa+NlkIOjezHu5+J/XS2h04aUYxglBKPNDhAqKQ0ZqzFoAPkQNRCJPDhxDLoUWRKCRCykzMclqqWZ9OPPfL5L2acOxG87NWb15WTZTYYfsiJ0wh52zJrtmLeYyyZA9sWf2Yk2tV+vNev8ZXbLKnQP2B9bHN4e6kzU=</latexit><latexit sha1_base64="N/+SJVFDQq7z7/TanhLfYujLLhM=">AAAB93icbVC7TsNAEDzzDOEVoKQ5ESFRRTZCgjKChjJIOImUmOh82YRVzg/drRGRlW+ghYoO0fI5FPwLtnEBCVONZna1s+PHCg3Z9qe1tLyyurZe2ahubm3v7Nb29tsmSrQEV0Yq0l1fGFAYgktICrqxBhH4Cjr+5Cr3Ow+gDUbhLU1j8AIxDnGEUlAmuf1HvMNBrW437AJ8kTglqbMSrUHtqz+MZBJASFIJY3qOHZOXCk0oFcyq/cRALOREjKGX0VAEYLy0CDvjx4kRFPEYNEfFCxF+b6QiMGYa+NlkIOjezHu5+J/XS2h04aUYxglBKPNDhAqKQ0ZqzFoAPkQNRCJPDhxDLoUWRKCRCykzMclqqWZ9OPPfL5L2acOxG87NWb15WTZTYYfsiJ0wh52zJrtmLeYyyZA9sWf2Yk2tV+vNev8ZXbLKnQP2B9bHN4e6kzU=</latexit>

Sij(t) ⌘ R0i0j
<latexit sha1_base64="t09ue2Oe0oyotuwDqjdAYWkvA/o=">AAACFnicbVC7TsNAEDzzJrwClDQnIqTQRDZCghJBQxkeCUhJZK2PBRbOD+7WSMhyzyfwFbRQ0SFaWgr+BTukAMJUo5ld7ewEiSbLrvvhjIyOjU9MTk1XZmbn5heqi0ttG6dGYUvFOjanAVjUFGGLiTWeJgYhDDSeBNd7pX9yi8ZSHB3zXYK9EC4iOicFXEh+dfXIz+gqr/N6F29SupXdEPhSgc4Ocz9zyb3K/WrNbbh9yGHiDUhNDND0q5/ds1ilIUasNFjb8dyEexkYJqUxr3RTiwmoa7jATkEjCNH2sv4vuVxLLXAsEzSStOyL+HMjg9DauzAoJsuk9q9Xiv95nZTPt3sZRUnKGKnyEJPG/iGrDBUloTwjg8xQJkdJkVRggBkNSVCqENOitUrRh/f3+2HS3mh4bsM72Kzt7A6amRIrYlXUhSe2xI7YF03REkrci0fxJJ6dB+fFeXXevkdHnMHOsvgF5/0LER6fdg==</latexit><latexit sha1_base64="t09ue2Oe0oyotuwDqjdAYWkvA/o=">AAACFnicbVC7TsNAEDzzJrwClDQnIqTQRDZCghJBQxkeCUhJZK2PBRbOD+7WSMhyzyfwFbRQ0SFaWgr+BTukAMJUo5ld7ewEiSbLrvvhjIyOjU9MTk1XZmbn5heqi0ttG6dGYUvFOjanAVjUFGGLiTWeJgYhDDSeBNd7pX9yi8ZSHB3zXYK9EC4iOicFXEh+dfXIz+gqr/N6F29SupXdEPhSgc4Ocz9zyb3K/WrNbbh9yGHiDUhNDND0q5/ds1ilIUasNFjb8dyEexkYJqUxr3RTiwmoa7jATkEjCNH2sv4vuVxLLXAsEzSStOyL+HMjg9DauzAoJsuk9q9Xiv95nZTPt3sZRUnKGKnyEJPG/iGrDBUloTwjg8xQJkdJkVRggBkNSVCqENOitUrRh/f3+2HS3mh4bsM72Kzt7A6amRIrYlXUhSe2xI7YF03REkrci0fxJJ6dB+fFeXXevkdHnMHOsvgF5/0LER6fdg==</latexit><latexit sha1_base64="t09ue2Oe0oyotuwDqjdAYWkvA/o=">AAACFnicbVC7TsNAEDzzJrwClDQnIqTQRDZCghJBQxkeCUhJZK2PBRbOD+7WSMhyzyfwFbRQ0SFaWgr+BTukAMJUo5ld7ewEiSbLrvvhjIyOjU9MTk1XZmbn5heqi0ttG6dGYUvFOjanAVjUFGGLiTWeJgYhDDSeBNd7pX9yi8ZSHB3zXYK9EC4iOicFXEh+dfXIz+gqr/N6F29SupXdEPhSgc4Ocz9zyb3K/WrNbbh9yGHiDUhNDND0q5/ds1ilIUasNFjb8dyEexkYJqUxr3RTiwmoa7jATkEjCNH2sv4vuVxLLXAsEzSStOyL+HMjg9DauzAoJsuk9q9Xiv95nZTPt3sZRUnKGKnyEJPG/iGrDBUloTwjg8xQJkdJkVRggBkNSVCqENOitUrRh/f3+2HS3mh4bsM72Kzt7A6amRIrYlXUhSe2xI7YF03REkrci0fxJJ6dB+fFeXXevkdHnMHOsvgF5/0LER6fdg==</latexit><latexit sha1_base64="t09ue2Oe0oyotuwDqjdAYWkvA/o=">AAACFnicbVC7TsNAEDzzJrwClDQnIqTQRDZCghJBQxkeCUhJZK2PBRbOD+7WSMhyzyfwFbRQ0SFaWgr+BTukAMJUo5ld7ewEiSbLrvvhjIyOjU9MTk1XZmbn5heqi0ttG6dGYUvFOjanAVjUFGGLiTWeJgYhDDSeBNd7pX9yi8ZSHB3zXYK9EC4iOicFXEh+dfXIz+gqr/N6F29SupXdEPhSgc4Ocz9zyb3K/WrNbbh9yGHiDUhNDND0q5/ds1ilIUasNFjb8dyEexkYJqUxr3RTiwmoa7jATkEjCNH2sv4vuVxLLXAsEzSStOyL+HMjg9DauzAoJsuk9q9Xiv95nZTPt3sZRUnKGKnyEJPG/iGrDBUloTwjg8xQJkdJkVRggBkNSVCqENOitUrRh/f3+2HS3mh4bsM72Kzt7A6amRIrYlXUhSe2xI7YF03REkrci0fxJJ6dB+fFeXXevkdHnMHOsvgF5/0LER6fdg==</latexit>

Pij(t)

<latexit sha1_base64="3h5qGH0UHeMH11tGAYaLeS3k9mI=">AAAB8HicbVDLSgNBEOz1GeMr6tHLYBDiJexKRI9BLx4jmIckS5idTJIxs7PLTK8QlnyFFw+KePVzvPk3TpI9aGJBQ1HVTXdXEEth0HW/nZXVtfWNzdxWfntnd2+/cHDYMFGiGa+zSEa6FVDDpVC8jgIlb8Wa0zCQvBmMbqZ+84lrIyJ1j+OY+yEdKNEXjKKVHmrdVDxOSnjWLRTdsjsDWSZeRoqQodYtfHV6EUtCrpBJakzbc2P0U6pRMMkn+U5ieEzZiA5421JFQ278dHbwhJxapUf6kbalkMzU3xMpDY0Zh4HtDCkOzaI3Ff/z2gn2r/xUqDhBrth8UT+RBCMy/Z70hOYM5dgSyrSwtxI2pJoytBnlbQje4svLpHFe9irli7tKsXqdxZGDYziBEnhwCVW4hRrUgUEIz/AKb452Xpx352PeuuJkM0fwB87nD1QKkBs=</latexit>



Source

Observer frame (comoving 
with the source)

Zero source velocity

Observed GW signal for wave propagating along z

Z

Observed GW signal: no relative velocity observer-source



Observer not comoving 

V

Boost 
transformation

GW for observer 
non-comoving

GW for observer 
comoving

Comoving  observer

V
Z

Observed strain: relative velocity source-observer

Lorentz Matrix



Observed  gravitational wave propagating along z (in TT gauge)

Relative velocity source-observer: spin-1 modes excited  
as an effect of aberration Comoving  observer

V

V
Z

Observed strain: relative velocity source-observer

Observer not comoving 

Comoving  observer

Pij =

<latexit sha1_base64="uNc1yQsJHyLzLIJY096exq2vS8k=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUQSh4MVjBfsBbSib7aZdu9mE3YlQQn+EFw+KePX3ePPfuG1z0NYHA4/3ZpiZFyRSGHTdb6ewsrq2vlHcLG1t7+zulfcPmiZONeMNFstYtwNquBSKN1Cg5O1EcxoFkreC0e3Ubz1xbUSsHnCccD+iAyVCwShaqVXvZeJxctMrV9yqOwNZJl5OKpCj3it/dfsxSyOukElqTMdzE/QzqlEwySelbmp4QtmIDnjHUkUjbvxsdu6EnFilT8JY21JIZurviYxGxoyjwHZGFIdm0ZuK/3mdFMMrPxMqSZErNl8UppJgTKa/k77QnKEcW0KZFvZWwoZUU4Y2oZINwVt8eZk0z6reefXi/rxSu87jKMIRHMMpeHAJNbiDOjSAwQie4RXenMR5cd6dj3lrwclnDuEPnM8fM9mPdw==</latexit>



Observationally, what do we actually see?

In the presence of a peculiar motion, the direction of propagation is aberrated

True source 
position

Aberrated source 
position

n

<latexit sha1_base64="aW8HGPC3uL1S8fRbsIc4264/+VM=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0pWy2k3bpZhN3N0IJ+RNePCji1b/jzX/jts1BWx8MPN6bYWaeHwuujet+O4W19Y3NreJ2aWd3b/+gfHjU0lGiGDZZJCLV8alGwSU2DTcCO7FCGvoC2/7kdua3n1BpHskHM42xH9KR5AFn1Fipk/b8IJVZNihX3Ko7B1klXk4qkKMxKH/1hhFLQpSGCap113Nj00+pMpwJzEq9RGNM2YSOsGuppCHqfjq/NyNnVhmSIFK2pCFz9fdESkOtp6FvO0NqxnrZm4n/ed3EBNf9lMs4MSjZYlGQCGIiMnueDLlCZsTUEsoUt7cSNqaKMmMjKtkQvOWXV0nrourVqpf3tUr9Jo+jCCdwCufgwRXU4Q4a0AQGAp7hFd6cR+fFeXc+Fq0FJ585hj9wPn8AkoqQVA==</latexit>

ñ

<latexit sha1_base64="1OqG9MVuETH2XNJ8AHeuIfKqbvE=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMF+wFtLJvNpl262YTdiVJC/ocXD4p49b9489+4bXPQ1gcDj/dmmJnnJ4JrdJxvq7Syura+Ud6sbG3v7O5V9w/aOk4VZS0ai1h1faKZ4JK1kKNg3UQxEvmCdfzxzdTvPDKleSzvcZIwLyJDyUNOCRrpoY9cBCzr+2Em83xQrTl1ZwZ7mbgFqUGB5qD61Q9imkZMIhVE657rJOhlRCGnguWVfqpZQuiYDFnPUEkipr1sdnVunxglsMNYmZJoz9TfExmJtJ5EvumMCI70ojcV//N6KYZXXsZlkiKTdL4oTIWNsT2NwA64YhTFxBBCFTe32nREFKFogqqYENzFl5dJ+6zuntcv7s5rjesijjIcwTGcgguX0IBbaEILKCh4hld4s56sF+vd+pi3lqxi5hD+wPr8ATjakv4=</latexit>

v?

<latexit sha1_base64="/drLqCDA9UFDzw7Xh8wVgR0h5xs=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0VwFZIa27orunFZwT6giWUynbRDJ8kwM6mUkP9w40IRt/6LO//GSVtBRQ9cOJxzL/fe43NGpbKsD6Owsrq2vlHcLG1t7+zulfcPOjJOBCZtHLNY9HwkCaMRaSuqGOlxQVDoM9L1J1e5350SIWkc3aoZJ16IRhENKEZKS3euH6TTbJC6nAieDcoVy7xo1KpODVqmZdXtqp2Tat05c6CtlRwVsERrUH53hzFOQhIpzJCUfdviykuRUBQzkpXcRBKO8ASNSF/TCIVEeun86gyeaGUIg1joihScq98nUhRKOQt93RkiNZa/vVz8y+snKmh4KY14okiEF4uChEEVwzwCOKSCYMVmmiAsqL4V4jESCCsdVEmH8PUp/J90qqbtmOc3TqV5uYyjCI7AMTgFNqiDJrgGLdAGGAjwAJ7As3FvPBovxuuitWAsZw7BDxhvn6vRk0w=</latexit>

Transverse 
velocity



Polarisation plane is orthogonal 
to the observed direction, hence 
is aberrated as well

True source 
position

Aberrated source 
position

n

<latexit sha1_base64="aW8HGPC3uL1S8fRbsIc4264/+VM=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0pWy2k3bpZhN3N0IJ+RNePCji1b/jzX/jts1BWx8MPN6bYWaeHwuujet+O4W19Y3NreJ2aWd3b/+gfHjU0lGiGDZZJCLV8alGwSU2DTcCO7FCGvoC2/7kdua3n1BpHskHM42xH9KR5AFn1Fipk/b8IJVZNihX3Ko7B1klXk4qkKMxKH/1hhFLQpSGCap113Nj00+pMpwJzEq9RGNM2YSOsGuppCHqfjq/NyNnVhmSIFK2pCFz9fdESkOtp6FvO0NqxnrZm4n/ed3EBNf9lMs4MSjZYlGQCGIiMnueDLlCZsTUEsoUt7cSNqaKMmMjKtkQvOWXV0nrourVqpf3tUr9Jo+jCCdwCufgwRXU4Q4a0AQGAp7hFd6cR+fFeXc+Fq0FJ585hj9wPn8AkoqQVA==</latexit>

ñ

<latexit sha1_base64="1OqG9MVuETH2XNJ8AHeuIfKqbvE=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMF+wFtLJvNpl262YTdiVJC/ocXD4p49b9489+4bXPQ1gcDj/dmmJnnJ4JrdJxvq7Syura+Ud6sbG3v7O5V9w/aOk4VZS0ai1h1faKZ4JK1kKNg3UQxEvmCdfzxzdTvPDKleSzvcZIwLyJDyUNOCRrpoY9cBCzr+2Em83xQrTl1ZwZ7mbgFqUGB5qD61Q9imkZMIhVE657rJOhlRCGnguWVfqpZQuiYDFnPUEkipr1sdnVunxglsMNYmZJoz9TfExmJtJ5EvumMCI70ojcV//N6KYZXXsZlkiKTdL4oTIWNsT2NwA64YhTFxBBCFTe32nREFKFogqqYENzFl5dJ+6zuntcv7s5rjesijjIcwTGcgguX0IBbaEILKCh4hld4s56sF+vd+pi3lqxi5hD+wPr8ATjakv4=</latexit>

v?

<latexit sha1_base64="/drLqCDA9UFDzw7Xh8wVgR0h5xs=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0VwFZIa27orunFZwT6giWUynbRDJ8kwM6mUkP9w40IRt/6LO//GSVtBRQ9cOJxzL/fe43NGpbKsD6Owsrq2vlHcLG1t7+zulfcPOjJOBCZtHLNY9HwkCaMRaSuqGOlxQVDoM9L1J1e5350SIWkc3aoZJ16IRhENKEZKS3euH6TTbJC6nAieDcoVy7xo1KpODVqmZdXtqp2Tat05c6CtlRwVsERrUH53hzFOQhIpzJCUfdviykuRUBQzkpXcRBKO8ASNSF/TCIVEeun86gyeaGUIg1joihScq98nUhRKOQt93RkiNZa/vVz8y+snKmh4KY14okiEF4uChEEVwzwCOKSCYMVmmiAsqL4V4jESCCsdVEmH8PUp/J90qqbtmOc3TqV5uYyjCI7AMTgFNqiDJrgGLdAGGAjwAJ7As3FvPBovxuuitWAsZw7BDxhvn6vRk0w=</latexit>

In the presence of a peculiar motion, the direction of propagation is aberrated

Transverse 
velocity

Observationally, what do we actually see?



True source 
position

Aberrated source 
position

n

<latexit sha1_base64="aW8HGPC3uL1S8fRbsIc4264/+VM=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0pWy2k3bpZhN3N0IJ+RNePCji1b/jzX/jts1BWx8MPN6bYWaeHwuujet+O4W19Y3NreJ2aWd3b/+gfHjU0lGiGDZZJCLV8alGwSU2DTcCO7FCGvoC2/7kdua3n1BpHskHM42xH9KR5AFn1Fipk/b8IJVZNihX3Ko7B1klXk4qkKMxKH/1hhFLQpSGCap113Nj00+pMpwJzEq9RGNM2YSOsGuppCHqfjq/NyNnVhmSIFK2pCFz9fdESkOtp6FvO0NqxnrZm4n/ed3EBNf9lMs4MSjZYlGQCGIiMnueDLlCZsTUEsoUt7cSNqaKMmMjKtkQvOWXV0nrourVqpf3tUr9Jo+jCCdwCufgwRXU4Q4a0AQGAp7hFd6cR+fFeXc+Fq0FJ585hj9wPn8AkoqQVA==</latexit>

ñ

<latexit sha1_base64="1OqG9MVuETH2XNJ8AHeuIfKqbvE=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMF+wFtLJvNpl262YTdiVJC/ocXD4p49b9489+4bXPQ1gcDj/dmmJnnJ4JrdJxvq7Syura+Ud6sbG3v7O5V9w/aOk4VZS0ai1h1faKZ4JK1kKNg3UQxEvmCdfzxzdTvPDKleSzvcZIwLyJDyUNOCRrpoY9cBCzr+2Em83xQrTl1ZwZ7mbgFqUGB5qD61Q9imkZMIhVE657rJOhlRCGnguWVfqpZQuiYDFnPUEkipr1sdnVunxglsMNYmZJoz9TfExmJtJ5EvumMCI70ojcV//N6KYZXXsZlkiKTdL4oTIWNsT2NwA64YhTFxBBCFTe32nREFKFogqqYENzFl5dJ+6zuntcv7s5rjesijjIcwTGcgguX0IBbaEILKCh4hld4s56sF+vd+pi3lqxi5hD+wPr8ATjakv4=</latexit>

v?

<latexit sha1_base64="/drLqCDA9UFDzw7Xh8wVgR0h5xs=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0VwFZIa27orunFZwT6giWUynbRDJ8kwM6mUkP9w40IRt/6LO//GSVtBRQ9cOJxzL/fe43NGpbKsD6Owsrq2vlHcLG1t7+zulfcPOjJOBCZtHLNY9HwkCaMRaSuqGOlxQVDoM9L1J1e5350SIWkc3aoZJ16IRhENKEZKS3euH6TTbJC6nAieDcoVy7xo1KpODVqmZdXtqp2Tat05c6CtlRwVsERrUH53hzFOQhIpzJCUfdviykuRUBQzkpXcRBKO8ASNSF/TCIVEeun86gyeaGUIg1joihScq98nUhRKOQt93RkiNZa/vVz8y+snKmh4KY14okiEF4uChEEVwzwCOKSCYMVmmiAsqL4V4jESCCsdVEmH8PUp/J90qqbtmOc3TqV5uYyjCI7AMTgFNqiDJrgGLdAGGAjwAJ7As3FvPBovxuuitWAsZw7BDxhvn6vRk0w=</latexit>

Pij(l̂i l̂j � m̂im̂j) = F+(ñ)h+ + F⇥(ñ)h⇥ + F1(ñ)h1 + F2(ñ)h2

<latexit sha1_base64="VrBBzDSycQj9I3vEx1M4yo/DS2c="></latexit>

l̂

<latexit sha1_base64="CDSjQ8j35BbcZPhG0BznN32g1Xk=">AAAB+XicdVDLSsNAFJ3UV42vqEs3g0VwFZIY27orunFZwT6gCWUynbRDJw9mJoUS8iduXCji1j9x5984aSuo6IELh3Pu5d57gpRRIS3rQ6usrW9sblW39Z3dvf0D4/CoK5KMY9LBCUt4P0CCMBqTjqSSkX7KCYoCRnrB9Kb0ezPCBU3iezlPiR+hcUxDipFU0tAwci8Ic2+CZM6KotD1oVGzzKtm3XHr0DItq2E7dkmchnvhQlspJWpghfbQePdGCc4iEkvMkBAD20qlnyMuKWak0L1MkBThKRqTgaIxiojw88XlBTxTygiGCVcVS7hQv0/kKBJiHgWqM0JyIn57pfiXN8hk2PRzGqeZJDFeLgozBmUCyxjgiHKCJZsrgjCn6laIJ4gjLFVYZQhfn8L/Sdcxbde8vHNrretVHFVwAk7BObBBA7TALWiDDsBgBh7AE3jWcu1Re9Fel60VbTVzDH5Ae/sEt/OTug==</latexit>

m̂

<latexit sha1_base64="lpG7xjVOkLy6ZxkjLoJd+Mo9K8s=">AAAB+XicdVDLSsNAFJ3UV42vqEs3g0VwFZIY27orunFZwT6gCWUynbRDJw9mJoUS8iduXCji1j9x5984aSuo6IELh3Pu5d57gpRRIS3rQ6usrW9sblW39Z3dvf0D4/CoK5KMY9LBCUt4P0CCMBqTjqSSkX7KCYoCRnrB9Kb0ezPCBU3iezlPiR+hcUxDipFU0tAwci8Ic2+CZB4VRaHrQ6NmmVfNuuPWoWVaVsN27JI4DffChbZSStTACu2h8e6NEpxFJJaYISEGtpVKP0dcUsxIoXuZICnCUzQmA0VjFBHh54vLC3imlBEME64qlnChfp/IUSTEPApUZ4TkRPz2SvEvb5DJsOnnNE4zSWK8XBRmDMoEljHAEeUESzZXBGFO1a0QTxBHWKqwyhC+PoX/k65j2q55eefWWterOKrgBJyCc2CDBmiBW9AGHYDBDDyAJ/Cs5dqj9qK9Llsr2mrmGPyA9vYJuXyTuw==</latexit>

ẽ1

<latexit sha1_base64="IeFyzUgNJwHYZDa6G3TqR2li15w=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL8EieCqJVPRY9OKxgv2AJoTNdtIu3WzC7kYoMQf/ihcPinj1b3jz37hpc9DWBwOP92aYmRckjEpl299GZWV1bX2julnb2t7Z3TP3D7oyTgWBDolZLPoBlsAoh46iikE/EYCjgEEvmNwUfu8BhKQxv1fTBLwIjzgNKcFKS755lLlBmLmKsiFkkOe+k9c0fLNuN+wZrGXilKSOSrR988sdxiSNgCvCsJQDx06Ul2GhKGGQ19xUQoLJBI9goCnHEUgvm92fW6daGVphLHRxZc3U3xMZjqScRoHujLAay0WvEP/zBqkKr7yM8iRVwMl8UZgyS8VWEYY1pAKIYlNNMBFU32qRMRaYKB1ZEYKz+PIy6Z43nGbj4q5Zb12XcVTRMTpBZ8hBl6iFblEbdRBBj+gZvaI348l4Md6Nj3lrxShnDtEfGJ8/k1KVJg==</latexit>

ẽ2

<latexit sha1_base64="fnj0lZWSIOs69KHeSKzDC+J0Z6s=">AAAB/3icbVBNS8NAEN34WetXVPDiJVgETyUpFT0WvXisYD+gCWGznbRLN5uwuxFKzMG/4sWDIl79G978N27aHLT1wcDjvRlm5gUJo1LZ9rexsrq2vrFZ2apu7+zu7ZsHh10Zp4JAh8QsFv0AS2CUQ0dRxaCfCMBRwKAXTG4Kv/cAQtKY36tpAl6ER5yGlGClJd88ztwgzFxF2RAyyHO/kVc1fLNm1+0ZrGXilKSGSrR988sdxiSNgCvCsJQDx06Ul2GhKGGQV91UQoLJBI9goCnHEUgvm92fW2daGVphLHRxZc3U3xMZjqScRoHujLAay0WvEP/zBqkKr7yM8iRVwMl8UZgyS8VWEYY1pAKIYlNNMBFU32qRMRaYKB1ZEYKz+PIy6TbqTrN+cdesta7LOCroBJ2ic+SgS9RCt6iNOoigR/SMXtGb8WS8GO/Gx7x1xShnjtAfGJ8/lNuVJw==</latexit>

If we could access the non-aberrated (true) source position

Spin-1 modes (longitudinal 
to polarisation plane)

ñ

<latexit sha1_base64="ChAp9vy8xaoufO7wbso7so4FF5M=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0mkongqePFYwX5AE8pms2mXbjZhd1IoIf/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMC1LBNTjOt1XZ2Nza3qnu1vb2Dw6P7OOTrk4yRVmHJiJR/YBoJrhkHeAgWD9VjMSBYL1gcj/3e1OmNE/kE8xS5sdkJHnEKQEjDW0794Io94CLkOWyKIqhXXcazgJ4nbglqaMS7aH95YUJzWImgQqi9cB1UvBzooBTwYqal2mWEjohIzYwVJKYaT9fXF7gC6OEOEqUKQl4of6eyEms9SwOTGdMYKxXvbn4nzfIILr1cy7TDJiky0VRJjAkeB4DDrliFMTMEEIVN7diOiaKUDBh1UwI7urL66R71XCbjevHZr11V8ZRRWfoHF0iF92gFnpAbdRBFE3RM3pFb1ZuvVjv1seytWKVM6foD6zPH30clDM=</latexit>

Detector tensor

Observed strain with respect to non-aberrated polarisation basis



True source 
position

Aberrated source 
position

n

<latexit sha1_base64="aW8HGPC3uL1S8fRbsIc4264/+VM=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0pWy2k3bpZhN3N0IJ+RNePCji1b/jzX/jts1BWx8MPN6bYWaeHwuujet+O4W19Y3NreJ2aWd3b/+gfHjU0lGiGDZZJCLV8alGwSU2DTcCO7FCGvoC2/7kdua3n1BpHskHM42xH9KR5AFn1Fipk/b8IJVZNihX3Ko7B1klXk4qkKMxKH/1hhFLQpSGCap113Nj00+pMpwJzEq9RGNM2YSOsGuppCHqfjq/NyNnVhmSIFK2pCFz9fdESkOtp6FvO0NqxnrZm4n/ed3EBNf9lMs4MSjZYlGQCGIiMnueDLlCZsTUEsoUt7cSNqaKMmMjKtkQvOWXV0nrourVqpf3tUr9Jo+jCCdwCufgwRXU4Q4a0AQGAp7hFd6cR+fFeXc+Fq0FJ585hj9wPn8AkoqQVA==</latexit>

ñ

<latexit sha1_base64="1OqG9MVuETH2XNJ8AHeuIfKqbvE=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMF+wFtLJvNpl262YTdiVJC/ocXD4p49b9489+4bXPQ1gcDj/dmmJnnJ4JrdJxvq7Syura+Ud6sbG3v7O5V9w/aOk4VZS0ai1h1faKZ4JK1kKNg3UQxEvmCdfzxzdTvPDKleSzvcZIwLyJDyUNOCRrpoY9cBCzr+2Em83xQrTl1ZwZ7mbgFqUGB5qD61Q9imkZMIhVE657rJOhlRCGnguWVfqpZQuiYDFnPUEkipr1sdnVunxglsMNYmZJoz9TfExmJtJ5EvumMCI70ojcV//N6KYZXXsZlkiKTdL4oTIWNsT2NwA64YhTFxBBCFTe32nREFKFogqqYENzFl5dJ+6zuntcv7s5rjesijjIcwTGcgguX0IBbaEILKCh4hld4s56sF+vd+pi3lqxi5hD+wPr8ATjakv4=</latexit>

v?

<latexit sha1_base64="/drLqCDA9UFDzw7Xh8wVgR0h5xs=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0VwFZIa27orunFZwT6giWUynbRDJ8kwM6mUkP9w40IRt/6LO//GSVtBRQ9cOJxzL/fe43NGpbKsD6Owsrq2vlHcLG1t7+zulfcPOjJOBCZtHLNY9HwkCaMRaSuqGOlxQVDoM9L1J1e5350SIWkc3aoZJ16IRhENKEZKS3euH6TTbJC6nAieDcoVy7xo1KpODVqmZdXtqp2Tat05c6CtlRwVsERrUH53hzFOQhIpzJCUfdviykuRUBQzkpXcRBKO8ASNSF/TCIVEeun86gyeaGUIg1joihScq98nUhRKOQt93RkiNZa/vVz8y+snKmh4KY14okiEF4uChEEVwzwCOKSCYMVmmiAsqL4V4jESCCsdVEmH8PUp/J90qqbtmOc3TqV5uYyjCI7AMTgFNqiDJrgGLdAGGAjwAJ7As3FvPBovxuuitWAsZw7BDxhvn6vRk0w=</latexit>

Pij(l̂i l̂j � m̂im̂j) = F+(ñ)h+ + F⇥(ñ)h⇥ + F1(ñ)h1 + F2(ñ)h2

<latexit sha1_base64="VrBBzDSycQj9I3vEx1M4yo/DS2c="></latexit>

l̂

<latexit sha1_base64="CDSjQ8j35BbcZPhG0BznN32g1Xk=">AAAB+XicdVDLSsNAFJ3UV42vqEs3g0VwFZIY27orunFZwT6gCWUynbRDJw9mJoUS8iduXCji1j9x5984aSuo6IELh3Pu5d57gpRRIS3rQ6usrW9sblW39Z3dvf0D4/CoK5KMY9LBCUt4P0CCMBqTjqSSkX7KCYoCRnrB9Kb0ezPCBU3iezlPiR+hcUxDipFU0tAwci8Ic2+CZM6KotD1oVGzzKtm3XHr0DItq2E7dkmchnvhQlspJWpghfbQePdGCc4iEkvMkBAD20qlnyMuKWak0L1MkBThKRqTgaIxiojw88XlBTxTygiGCVcVS7hQv0/kKBJiHgWqM0JyIn57pfiXN8hk2PRzGqeZJDFeLgozBmUCyxjgiHKCJZsrgjCn6laIJ4gjLFVYZQhfn8L/Sdcxbde8vHNrretVHFVwAk7BObBBA7TALWiDDsBgBh7AE3jWcu1Re9Fel60VbTVzDH5Ae/sEt/OTug==</latexit>

m̂

<latexit sha1_base64="lpG7xjVOkLy6ZxkjLoJd+Mo9K8s=">AAAB+XicdVDLSsNAFJ3UV42vqEs3g0VwFZIY27orunFZwT6gCWUynbRDJw9mJoUS8iduXCji1j9x5984aSuo6IELh3Pu5d57gpRRIS3rQ6usrW9sblW39Z3dvf0D4/CoK5KMY9LBCUt4P0CCMBqTjqSSkX7KCYoCRnrB9Kb0ezPCBU3iezlPiR+hcUxDipFU0tAwci8Ic2+CZB4VRaHrQ6NmmVfNuuPWoWVaVsN27JI4DffChbZSStTACu2h8e6NEpxFJJaYISEGtpVKP0dcUsxIoXuZICnCUzQmA0VjFBHh54vLC3imlBEME64qlnChfp/IUSTEPApUZ4TkRPz2SvEvb5DJsOnnNE4zSWK8XBRmDMoEljHAEeUESzZXBGFO1a0QTxBHWKqwyhC+PoX/k65j2q55eefWWterOKrgBJyCc2CDBmiBW9AGHYDBDDyAJ/Cs5dqj9qK9Llsr2mrmGPyA9vYJuXyTuw==</latexit>

ẽ1

<latexit sha1_base64="IeFyzUgNJwHYZDa6G3TqR2li15w=">AAAB/3icbVBNS8NAEN3Ur1q/ooIXL8EieCqJVPRY9OKxgv2AJoTNdtIu3WzC7kYoMQf/ihcPinj1b3jz37hpc9DWBwOP92aYmRckjEpl299GZWV1bX2julnb2t7Z3TP3D7oyTgWBDolZLPoBlsAoh46iikE/EYCjgEEvmNwUfu8BhKQxv1fTBLwIjzgNKcFKS755lLlBmLmKsiFkkOe+k9c0fLNuN+wZrGXilKSOSrR988sdxiSNgCvCsJQDx06Ul2GhKGGQ19xUQoLJBI9goCnHEUgvm92fW6daGVphLHRxZc3U3xMZjqScRoHujLAay0WvEP/zBqkKr7yM8iRVwMl8UZgyS8VWEYY1pAKIYlNNMBFU32qRMRaYKB1ZEYKz+PIy6Z43nGbj4q5Zb12XcVTRMTpBZ8hBl6iFblEbdRBBj+gZvaI348l4Md6Nj3lrxShnDtEfGJ8/k1KVJg==</latexit>

ẽ2

<latexit sha1_base64="fnj0lZWSIOs69KHeSKzDC+J0Z6s=">AAAB/3icbVBNS8NAEN34WetXVPDiJVgETyUpFT0WvXisYD+gCWGznbRLN5uwuxFKzMG/4sWDIl79G978N27aHLT1wcDjvRlm5gUJo1LZ9rexsrq2vrFZ2apu7+zu7ZsHh10Zp4JAh8QsFv0AS2CUQ0dRxaCfCMBRwKAXTG4Kv/cAQtKY36tpAl6ER5yGlGClJd88ztwgzFxF2RAyyHO/kVc1fLNm1+0ZrGXilKSGSrR988sdxiSNgCvCsJQDx06Ul2GhKGGQV91UQoLJBI9goCnHEUgvm92fW2daGVphLHRxZc3U3xMZjqScRoHujLAay0WvEP/zBqkKr7yM8iRVwMl8UZgyS8VWEYY1pAKIYlNNMBFU32qRMRaYKB1ZEYKz+PIy6TbqTrN+cdesta7LOCroBJ2ic+SgS9RCt6iNOoigR/SMXtGb8WS8GO/Gx7x1xShnjtAfGJ8/lNuVJw==</latexit>

If we could access the non-aberrated (true) source position

Spin-1 modes (longitudinal 
to polarisation plane)

ñ

<latexit sha1_base64="ChAp9vy8xaoufO7wbso7so4FF5M=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0mkongqePFYwX5AE8pms2mXbjZhd1IoIf/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMC1LBNTjOt1XZ2Nza3qnu1vb2Dw6P7OOTrk4yRVmHJiJR/YBoJrhkHeAgWD9VjMSBYL1gcj/3e1OmNE/kE8xS5sdkJHnEKQEjDW0794Io94CLkOWyKIqhXXcazgJ4nbglqaMS7aH95YUJzWImgQqi9cB1UvBzooBTwYqal2mWEjohIzYwVJKYaT9fXF7gC6OEOEqUKQl4of6eyEms9SwOTGdMYKxXvbn4nzfIILr1cy7TDJiky0VRJjAkeB4DDrliFMTMEEIVN7diOiaKUDBh1UwI7urL66R71XCbjevHZr11V8ZRRWfoHF0iF92gFnpAbdRBFE3RM3pFb1ZuvVjv1seytWKVM6foD6zPH30clDM=</latexit>

Detector tensor

Observed strain with respect to non-aberrated polarisation basis



Pij(l̂i l̂j � m̂im̂j) = F+(ñ)h+ + F⇥(ñ)h⇥ + F1(ñ)h1 + F2(ñ)h2

<latexit sha1_base64="VrBBzDSycQj9I3vEx1M4yo/DS2c="></latexit>

If we could access the non-aberrated (true) source position

Spin-1 modes (longitudinal 
to polarisation plane)

ñ

<latexit sha1_base64="ChAp9vy8xaoufO7wbso7so4FF5M=">AAAB+XicbVBNS8NAEN3Ur1q/oh69LBbBU0mkongqePFYwX5AE8pms2mXbjZhd1IoIf/EiwdFvPpPvPlv3LY5aOuDgcd7M8zMC1LBNTjOt1XZ2Nza3qnu1vb2Dw6P7OOTrk4yRVmHJiJR/YBoJrhkHeAgWD9VjMSBYL1gcj/3e1OmNE/kE8xS5sdkJHnEKQEjDW0794Io94CLkOWyKIqhXXcazgJ4nbglqaMS7aH95YUJzWImgQqi9cB1UvBzooBTwYqal2mWEjohIzYwVJKYaT9fXF7gC6OEOEqUKQl4of6eyEms9SwOTGdMYKxXvbn4nzfIILr1cy7TDJiky0VRJjAkeB4DDrliFMTMEEIVN7diOiaKUDBh1UwI7urL66R71XCbjevHZr11V8ZRRWfoHF0iF92gFnpAbdRBFE3RM3pFb1ZuvVjv1seytWKVM6foD6zPH30clDM=</latexit>

Detector tensor

Observed strain with respect to non-aberrated polarisation basis



30M� � 30M�

<latexit sha1_base64="JfnzfB03CWM0lGxTEsElUwaKZWw=">AAACAnicbVDLSgMxFM3UV62vUVfiJlgEN5YZreiy6MaNUME+oB2GTCbThmaSIckIZShu/BU3LhRx61e4829M21nU1gMXTs65l9x7goRRpR3nxyosLa+srhXXSxubW9s79u5eU4lUYtLAggnZDpAijHLS0FQz0k4kQXHASCsY3Iz91iORigr+oIcJ8WLU4zSiGGkj+fbBuQPv/KwrQqFHp7MP3y47FWcCuEjcnJRBjrpvf3dDgdOYcI0ZUqrjOon2MiQ1xYyMSt1UkQThAeqRjqEcxUR52eSEETw2SggjIU1xDSfq7ESGYqWGcWA6Y6T7at4bi/95nVRHV15GeZJqwvH0oyhlUAs4zgOGVBKs2dAQhCU1u0LcRxJhbVIrmRDc+ZMXSfOs4lYrF/fVcu06j6MIDsEROAEuuAQ1cAvqoAEweAIv4A28W8/Wq/VhfU5bC1Y+sw/+wPr6BZSUlkw=</latexit>

At 500 Mpc and transverse velocity 0.1 c (sky position of GW170817)

Tensor modes

Vector modes

Binary with



What about time-delay information

If I have multiple interferometers in a network, from phase shift I can only 
reconstruct aberrated direction

Phase shift
Aberrated direction

Is there a way to reconstruct the true position of the source



n

<latexit sha1_base64="aW8HGPC3uL1S8fRbsIc4264/+VM=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0pWy2k3bpZhN3N0IJ+RNePCji1b/jzX/jts1BWx8MPN6bYWaeHwuujet+O4W19Y3NreJ2aWd3b/+gfHjU0lGiGDZZJCLV8alGwSU2DTcCO7FCGvoC2/7kdua3n1BpHskHM42xH9KR5AFn1Fipk/b8IJVZNihX3Ko7B1klXk4qkKMxKH/1hhFLQpSGCap113Nj00+pMpwJzEq9RGNM2YSOsGuppCHqfjq/NyNnVhmSIFK2pCFz9fdESkOtp6FvO0NqxnrZm4n/ed3EBNf9lMs4MSjZYlGQCGIiMnueDLlCZsTUEsoUt7cSNqaKMmMjKtkQvOWXV0nrourVqpf3tUr9Jo+jCCdwCufgwRXU4Q4a0AQGAp7hFd6cR+fFeXc+Fq0FJ585hj9wPn8AkoqQVA==</latexit>

ñ

<latexit sha1_base64="1OqG9MVuETH2XNJ8AHeuIfKqbvE=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMF+wFtLJvNpl262YTdiVJC/ocXD4p49b9489+4bXPQ1gcDj/dmmJnnJ4JrdJxvq7Syura+Ud6sbG3v7O5V9w/aOk4VZS0ai1h1faKZ4JK1kKNg3UQxEvmCdfzxzdTvPDKleSzvcZIwLyJDyUNOCRrpoY9cBCzr+2Em83xQrTl1ZwZ7mbgFqUGB5qD61Q9imkZMIhVE657rJOhlRCGnguWVfqpZQuiYDFnPUEkipr1sdnVunxglsMNYmZJoz9TfExmJtJ5EvumMCI70ojcV//N6KYZXXsZlkiKTdL4oTIWNsT2NwA64YhTFxBBCFTe32nREFKFogqqYENzFl5dJ+6zuntcv7s5rjesijjIcwTGcgguX0IBbaEILKCh4hld4s56sF+vd+pi3lqxi5hD+wPr8ATjakv4=</latexit>

v?

<latexit sha1_base64="/drLqCDA9UFDzw7Xh8wVgR0h5xs=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0VwFZIa27orunFZwT6giWUynbRDJ8kwM6mUkP9w40IRt/6LO//GSVtBRQ9cOJxzL/fe43NGpbKsD6Owsrq2vlHcLG1t7+zulfcPOjJOBCZtHLNY9HwkCaMRaSuqGOlxQVDoM9L1J1e5350SIWkc3aoZJ16IRhENKEZKS3euH6TTbJC6nAieDcoVy7xo1KpODVqmZdXtqp2Tat05c6CtlRwVsERrUH53hzFOQhIpzJCUfdviykuRUBQzkpXcRBKO8ASNSF/TCIVEeun86gyeaGUIg1joihScq98nUhRKOQt93RkiNZa/vVz8y+snKmh4KY14okiEF4uChEEVwzwCOKSCYMVmmiAsqL4V4jESCCsdVEmH8PUp/J90qqbtmOc3TqV5uYyjCI7AMTgFNqiDJrgGLdAGGAjwAJ7As3FvPBovxuuitWAsZw7BDxhvn6vRk0w=</latexit>

e1

<latexit sha1_base64="gDDzlH+fXRxTNMmi+Y6SY/k6m8k=">AAAB83icbVBNS8NAEJ3Urxq/qh69BIvgqSSi6LHoxWMF+wFNKJvtpF262YTdjVBC/4YXD4p49c9489+4aXPQ1gcDj/dmmJkXppwp7brfVmVtfWNzq7pt7+zu7R/UDo86KskkxTZNeCJ7IVHImcC2ZppjL5VI4pBjN5zcFX73CaViiXjU0xSDmIwEixgl2kh+7odRjrPZwLPtQa3uNtw5nFXilaQOJVqD2pc/TGgWo9CUE6X6npvqICdSM8pxZvuZwpTQCRlh31BBYlRBPr955pwZZehEiTQltDNXf0/kJFZqGoemMyZ6rJa9QvzP62c6uglyJtJMo6CLRVHGHZ04RQDOkEmkmk8NIVQyc6tDx0QSqk1MRQje8surpHPR8C4bVw+X9eZtGUcVTuAUzsGDa2jCPbSgDRRSeIZXeLMy68V6tz4WrRWrnDmGP7A+fwAgw5EX</latexit>

e2

<latexit sha1_base64="hrkoBYH6OT4CrFflZzCR9bsLK4s=">AAAB83icbVBNS8NAEJ3Urxq/qh69LBbBU0lKRY9FLx4r2A9oQtlsN+3SzSbsboQS8je8eFDEq3/Gm//GTZuDtj4YeLw3w8y8IOFMacf5tiobm1vbO9Vde2//4PCodnzSU3EqCe2SmMdyEGBFORO0q5nmdJBIiqOA034wuyv8/hOVisXiUc8T6kd4IljICNZG8jIvCDOa56OmbY9qdafhLIDWiVuSOpTojGpf3jgmaUSFJhwrNXSdRPsZlpoRTnPbSxVNMJnhCR0aKnBElZ8tbs7RhVHGKIylKaHRQv09keFIqXkUmM4I66la9QrxP2+Y6vDGz5hIUk0FWS4KU450jIoA0JhJSjSfG4KJZOZWRKZYYqJNTEUI7urL66TXbLitxtVDq96+LeOowhmcwyW4cA1tuIcOdIFAAs/wCm9War1Y79bHsrVilTOn8AfW5w8iSZEY</latexit>

l̂

<latexit sha1_base64="CDSjQ8j35BbcZPhG0BznN32g1Xk=">AAAB+XicdVDLSsNAFJ3UV42vqEs3g0VwFZIY27orunFZwT6gCWUynbRDJw9mJoUS8iduXCji1j9x5984aSuo6IELh3Pu5d57gpRRIS3rQ6usrW9sblW39Z3dvf0D4/CoK5KMY9LBCUt4P0CCMBqTjqSSkX7KCYoCRnrB9Kb0ezPCBU3iezlPiR+hcUxDipFU0tAwci8Ic2+CZM6KotD1oVGzzKtm3XHr0DItq2E7dkmchnvhQlspJWpghfbQePdGCc4iEkvMkBAD20qlnyMuKWak0L1MkBThKRqTgaIxiojw88XlBTxTygiGCVcVS7hQv0/kKBJiHgWqM0JyIn57pfiXN8hk2PRzGqeZJDFeLgozBmUCyxjgiHKCJZsrgjCn6laIJ4gjLFVYZQhfn8L/Sdcxbde8vHNrretVHFVwAk7BObBBA7TALWiDDsBgBh7AE3jWcu1Re9Fel60VbTVzDH5Ae/sEt/OTug==</latexit>

m̂

<latexit sha1_base64="lpG7xjVOkLy6ZxkjLoJd+Mo9K8s=">AAAB+XicdVDLSsNAFJ3UV42vqEs3g0VwFZIY27orunFZwT6gCWUynbRDJw9mJoUS8iduXCji1j9x5984aSuo6IELh3Pu5d57gpRRIS3rQ6usrW9sblW39Z3dvf0D4/CoK5KMY9LBCUt4P0CCMBqTjqSSkX7KCYoCRnrB9Kb0ezPCBU3iezlPiR+hcUxDipFU0tAwci8Ic2+CZB4VRaHrQ6NmmVfNuuPWoWVaVsN27JI4DffChbZSStTACu2h8e6NEpxFJJaYISEGtpVKP0dcUsxIoXuZICnCUzQmA0VjFBHh54vLC3imlBEME64qlnChfp/IUSTEPApUZ4TkRPz2SvEvb5DJsOnnNE4zSWK8XBRmDMoEljHAEeUESzZXBGFO1a0QTxBHWKqwyhC+PoX/k65j2q55eefWWterOKrgBJyCc2CDBmiBW9AGHYDBDDyAJ/Cs5dqj9qK9Llsr2mrmGPyA9vYJuXyTuw==</latexit>

Aberrated source 
position

True source 
position

However, we can only access the aberrated direction: distorted spin-2

Pij(l̂i l̂j � m̂im̂j) = ĥ+F+(n) + ĥ⇥F⇥(n)

<latexit sha1_base64="aOVOSRgwqVvE2pVEhDiR/E4QLUc="></latexit>

Detector tensor

Observed strain with respect to aberrated polarisation basis

ĥ+ ⇠ h̃+ + h̃⇥v?

<latexit sha1_base64="iHSuOGpXR/JQvn2yqpvjTcihWU4=">AAACInicbZDJSgNBEIZ74hbjFvXopTEIQiDMSES9Bb14jGAWyITQ06kkTXoWumsCYZhn8eKrePGgqCfBh7GzgJpY0PDVX1VU1+9FUmi07U8rs7K6tr6R3cxtbe/s7uX3D+o6jBWHGg9lqJoe0yBFADUUKKEZKWC+J6HhDW8m9cYIlBZhcI/jCNo+6weiJzhDI3XyV+6AYTJIO0kxdbXwqYtCdmGiFGnxJ0kM+qBTOjIYgYrSTr5gl+xp0GVw5lAg86h28u9uN+SxDwFyybRuOXaE7YQpFFxCmnNjDRHjQ9aHlsGAmX3tZHpiSk+M0qW9UJkXIJ2qvycS5ms99j3T6TMc6MXaRPyv1oqxd9lORBDFCAGfLerFkmJIJ37RrlDAUY4NMK6E+SvlA6YYR+NqzpjgLJ68DPWzklMund+VC5XruR1ZckSOySlxyAWpkFtSJTXCyQN5Ii/k1Xq0nq0362PWmrHmM4fkT1hf32KSpXM=</latexit>

ĥ⇥ ⇠ h̃⇥ � h̃+v?

<latexit sha1_base64="tBobtqdElXyji507FAq9cxef5FI=">AAACJ3icbZDJSgNBEIZ74hbjFvXopTEIghhmJKInCXrxGMEskAmhp1NJmvQsdNcEwjBv48VX8SKoiB59EzsLqIk/NPx8VUV1/V4khUbb/rQyS8srq2vZ9dzG5tb2Tn53r6bDWHGo8lCGquExDVIEUEWBEhqRAuZ7Eure4GZcrw9BaREG9ziKoOWzXiC6gjM0qJ2/cvsMk37aTlwUPujU1cKnxssOjPGU0tMfkpykdGjaI1BR2s4X7KI9EV00zswUyEyVdv7F7YQ89iFALpnWTceOsJUwhYJLSHNurCFifMB60DQ2YGZ7K5ncmdIjQzq0GyrzAqQT+nsiYb7WI98znT7Dvp6vjeF/tWaM3ctWIoIoRgj4dFE3lhRDOg6NdoQCjnJkDONKmL9S3meKcTTR5kwIzvzJi6Z2VnRKxfO7UqF8PYsjSw7IITkmDrkgZXJLKqRKOHkgT+SVvFmP1rP1bn1MWzPWbGaf/JH19Q00mKf6</latexit>



n

<latexit sha1_base64="aW8HGPC3uL1S8fRbsIc4264/+VM=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoseiF48V7Ae0pWy2k3bpZhN3N0IJ+RNePCji1b/jzX/jts1BWx8MPN6bYWaeHwuujet+O4W19Y3NreJ2aWd3b/+gfHjU0lGiGDZZJCLV8alGwSU2DTcCO7FCGvoC2/7kdua3n1BpHskHM42xH9KR5AFn1Fipk/b8IJVZNihX3Ko7B1klXk4qkKMxKH/1hhFLQpSGCap113Nj00+pMpwJzEq9RGNM2YSOsGuppCHqfjq/NyNnVhmSIFK2pCFz9fdESkOtp6FvO0NqxnrZm4n/ed3EBNf9lMs4MSjZYlGQCGIiMnueDLlCZsTUEsoUt7cSNqaKMmMjKtkQvOWXV0nrourVqpf3tUr9Jo+jCCdwCufgwRXU4Q4a0AQGAp7hFd6cR+fFeXc+Fq0FJ585hj9wPn8AkoqQVA==</latexit>

ñ

<latexit sha1_base64="1OqG9MVuETH2XNJ8AHeuIfKqbvE=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69BIvgqSSi6LHoxWMF+wFtLJvNpl262YTdiVJC/ocXD4p49b9489+4bXPQ1gcDj/dmmJnnJ4JrdJxvq7Syura+Ud6sbG3v7O5V9w/aOk4VZS0ai1h1faKZ4JK1kKNg3UQxEvmCdfzxzdTvPDKleSzvcZIwLyJDyUNOCRrpoY9cBCzr+2Em83xQrTl1ZwZ7mbgFqUGB5qD61Q9imkZMIhVE657rJOhlRCGnguWVfqpZQuiYDFnPUEkipr1sdnVunxglsMNYmZJoz9TfExmJtJ5EvumMCI70ojcV//N6KYZXXsZlkiKTdL4oTIWNsT2NwA64YhTFxBBCFTe32nREFKFogqqYENzFl5dJ+6zuntcv7s5rjesijjIcwTGcgguX0IBbaEILKCh4hld4s56sF+vd+pi3lqxi5hD+wPr8ATjakv4=</latexit>

v?

<latexit sha1_base64="/drLqCDA9UFDzw7Xh8wVgR0h5xs=">AAAB9XicdVDLSsNAFJ3UV62vqks3g0VwFZIa27orunFZwT6giWUynbRDJ8kwM6mUkP9w40IRt/6LO//GSVtBRQ9cOJxzL/fe43NGpbKsD6Owsrq2vlHcLG1t7+zulfcPOjJOBCZtHLNY9HwkCaMRaSuqGOlxQVDoM9L1J1e5350SIWkc3aoZJ16IRhENKEZKS3euH6TTbJC6nAieDcoVy7xo1KpODVqmZdXtqp2Tat05c6CtlRwVsERrUH53hzFOQhIpzJCUfdviykuRUBQzkpXcRBKO8ASNSF/TCIVEeun86gyeaGUIg1joihScq98nUhRKOQt93RkiNZa/vVz8y+snKmh4KY14okiEF4uChEEVwzwCOKSCYMVmmiAsqL4V4jESCCsdVEmH8PUp/J90qqbtmOc3TqV5uYyjCI7AMTgFNqiDJrgGLdAGGAjwAJ7As3FvPBovxuuitWAsZw7BDxhvn6vRk0w=</latexit>

e1

<latexit sha1_base64="gDDzlH+fXRxTNMmi+Y6SY/k6m8k=">AAAB83icbVBNS8NAEJ3Urxq/qh69BIvgqSSi6LHoxWMF+wFNKJvtpF262YTdjVBC/4YXD4p49c9489+4aXPQ1gcDj/dmmJkXppwp7brfVmVtfWNzq7pt7+zu7R/UDo86KskkxTZNeCJ7IVHImcC2ZppjL5VI4pBjN5zcFX73CaViiXjU0xSDmIwEixgl2kh+7odRjrPZwLPtQa3uNtw5nFXilaQOJVqD2pc/TGgWo9CUE6X6npvqICdSM8pxZvuZwpTQCRlh31BBYlRBPr955pwZZehEiTQltDNXf0/kJFZqGoemMyZ6rJa9QvzP62c6uglyJtJMo6CLRVHGHZ04RQDOkEmkmk8NIVQyc6tDx0QSqk1MRQje8surpHPR8C4bVw+X9eZtGUcVTuAUzsGDa2jCPbSgDRRSeIZXeLMy68V6tz4WrRWrnDmGP7A+fwAgw5EX</latexit>

e2

<latexit sha1_base64="hrkoBYH6OT4CrFflZzCR9bsLK4s=">AAAB83icbVBNS8NAEJ3Urxq/qh69LBbBU0lKRY9FLx4r2A9oQtlsN+3SzSbsboQS8je8eFDEq3/Gm//GTZuDtj4YeLw3w8y8IOFMacf5tiobm1vbO9Vde2//4PCodnzSU3EqCe2SmMdyEGBFORO0q5nmdJBIiqOA034wuyv8/hOVisXiUc8T6kd4IljICNZG8jIvCDOa56OmbY9qdafhLIDWiVuSOpTojGpf3jgmaUSFJhwrNXSdRPsZlpoRTnPbSxVNMJnhCR0aKnBElZ8tbs7RhVHGKIylKaHRQv09keFIqXkUmM4I66la9QrxP2+Y6vDGz5hIUk0FWS4KU450jIoA0JhJSjSfG4KJZOZWRKZYYqJNTEUI7urL66TXbLitxtVDq96+LeOowhmcwyW4cA1tuIcOdIFAAs/wCm9War1Y79bHsrVilTOn8AfW5w8iSZEY</latexit>

l̂

<latexit sha1_base64="CDSjQ8j35BbcZPhG0BznN32g1Xk=">AAAB+XicdVDLSsNAFJ3UV42vqEs3g0VwFZIY27orunFZwT6gCWUynbRDJw9mJoUS8iduXCji1j9x5984aSuo6IELh3Pu5d57gpRRIS3rQ6usrW9sblW39Z3dvf0D4/CoK5KMY9LBCUt4P0CCMBqTjqSSkX7KCYoCRnrB9Kb0ezPCBU3iezlPiR+hcUxDipFU0tAwci8Ic2+CZM6KotD1oVGzzKtm3XHr0DItq2E7dkmchnvhQlspJWpghfbQePdGCc4iEkvMkBAD20qlnyMuKWak0L1MkBThKRqTgaIxiojw88XlBTxTygiGCVcVS7hQv0/kKBJiHgWqM0JyIn57pfiXN8hk2PRzGqeZJDFeLgozBmUCyxjgiHKCJZsrgjCn6laIJ4gjLFVYZQhfn8L/Sdcxbde8vHNrretVHFVwAk7BObBBA7TALWiDDsBgBh7AE3jWcu1Re9Fel60VbTVzDH5Ae/sEt/OTug==</latexit>

m̂

<latexit sha1_base64="lpG7xjVOkLy6ZxkjLoJd+Mo9K8s=">AAAB+XicdVDLSsNAFJ3UV42vqEs3g0VwFZIY27orunFZwT6gCWUynbRDJw9mJoUS8iduXCji1j9x5984aSuo6IELh3Pu5d57gpRRIS3rQ6usrW9sblW39Z3dvf0D4/CoK5KMY9LBCUt4P0CCMBqTjqSSkX7KCYoCRnrB9Kb0ezPCBU3iezlPiR+hcUxDipFU0tAwci8Ic2+CZB4VRaHrQ6NmmVfNuuPWoWVaVsN27JI4DffChbZSStTACu2h8e6NEpxFJJaYISEGtpVKP0dcUsxIoXuZICnCUzQmA0VjFBHh54vLC3imlBEME64qlnChfp/IUSTEPApUZ4TkRPz2SvEvb5DJsOnnNE4zSWK8XBRmDMoEljHAEeUESzZXBGFO1a0QTxBHWKqwyhC+PoX/k65j2q55eefWWterOKrgBJyCc2CDBmiBW9AGHYDBDDyAJ/Cs5dqj9qK9Llsr2mrmGPyA9vYJuXyTuw==</latexit>

Aberrated source 
position

True source 
position

However, we can only access the aberrated direction: distorted spin-2

Pij(l̂i l̂j � m̂im̂j) = ĥ+F+(n) + ĥ⇥F⇥(n)

<latexit sha1_base64="aOVOSRgwqVvE2pVEhDiR/E4QLUc="></latexit>

Detector tensor

Observed strain with respect to aberrated polarisation basis

ĥ+ ⇠ h̃+ + h̃⇥v?

<latexit sha1_base64="iHSuOGpXR/JQvn2yqpvjTcihWU4=">AAACInicbZDJSgNBEIZ74hbjFvXopTEIQiDMSES9Bb14jGAWyITQ06kkTXoWumsCYZhn8eKrePGgqCfBh7GzgJpY0PDVX1VU1+9FUmi07U8rs7K6tr6R3cxtbe/s7uX3D+o6jBWHGg9lqJoe0yBFADUUKKEZKWC+J6HhDW8m9cYIlBZhcI/jCNo+6weiJzhDI3XyV+6AYTJIO0kxdbXwqYtCdmGiFGnxJ0kM+qBTOjIYgYrSTr5gl+xp0GVw5lAg86h28u9uN+SxDwFyybRuOXaE7YQpFFxCmnNjDRHjQ9aHlsGAmX3tZHpiSk+M0qW9UJkXIJ2qvycS5ms99j3T6TMc6MXaRPyv1oqxd9lORBDFCAGfLerFkmJIJ37RrlDAUY4NMK6E+SvlA6YYR+NqzpjgLJ68DPWzklMund+VC5XruR1ZckSOySlxyAWpkFtSJTXCyQN5Ii/k1Xq0nq0362PWmrHmM4fkT1hf32KSpXM=</latexit>

ĥ⇥ ⇠ h̃⇥ � h̃+v?

<latexit sha1_base64="tBobtqdElXyji507FAq9cxef5FI=">AAACJ3icbZDJSgNBEIZ74hbjFvXopTEIghhmJKInCXrxGMEskAmhp1NJmvQsdNcEwjBv48VX8SKoiB59EzsLqIk/NPx8VUV1/V4khUbb/rQyS8srq2vZ9dzG5tb2Tn53r6bDWHGo8lCGquExDVIEUEWBEhqRAuZ7Eure4GZcrw9BaREG9ziKoOWzXiC6gjM0qJ2/cvsMk37aTlwUPujU1cKnxssOjPGU0tMfkpykdGjaI1BR2s4X7KI9EV00zswUyEyVdv7F7YQ89iFALpnWTceOsJUwhYJLSHNurCFifMB60DQ2YGZ7K5ncmdIjQzq0GyrzAqQT+nsiYb7WI98znT7Dvp6vjeF/tWaM3ctWIoIoRgj4dFE3lhRDOg6NdoQCjnJkDONKmL9S3meKcTTR5kwIzvzJi6Z2VnRKxfO7UqF8PYsjSw7IITkmDrkgZXJLKqRKOHkgT+SVvFmP1rP1bn1MWzPWbGaf/JH19Q00mKf6</latexit>



Pij(l̂i l̂j � m̂im̂j) = ĥ+F+(n) + ĥ⇥F⇥(n)

<latexit sha1_base64="aOVOSRgwqVvE2pVEhDiR/E4QLUc="></latexit>

Kinematic mixing

From an observational point of view, I will see only spin-2 fields but from 
aberrated direction and with mixed polarisations (with respect to the emitted ones)

Transverse velocities induce a bias in the reconstruction of orbital parameters 
How important is this bias for cosmology (e.g. luminosity distance and sky localisation)?

Observationally: distorted spin-2 polarizations

ĥ+ ⇠ h̃+ + h̃⇥v?

<latexit sha1_base64="iHSuOGpXR/JQvn2yqpvjTcihWU4=">AAACInicbZDJSgNBEIZ74hbjFvXopTEIQiDMSES9Bb14jGAWyITQ06kkTXoWumsCYZhn8eKrePGgqCfBh7GzgJpY0PDVX1VU1+9FUmi07U8rs7K6tr6R3cxtbe/s7uX3D+o6jBWHGg9lqJoe0yBFADUUKKEZKWC+J6HhDW8m9cYIlBZhcI/jCNo+6weiJzhDI3XyV+6AYTJIO0kxdbXwqYtCdmGiFGnxJ0kM+qBTOjIYgYrSTr5gl+xp0GVw5lAg86h28u9uN+SxDwFyybRuOXaE7YQpFFxCmnNjDRHjQ9aHlsGAmX3tZHpiSk+M0qW9UJkXIJ2qvycS5ms99j3T6TMc6MXaRPyv1oqxd9lORBDFCAGfLerFkmJIJ37RrlDAUY4NMK6E+SvlA6YYR+NqzpjgLJ68DPWzklMund+VC5XruR1ZckSOySlxyAWpkFtSJTXCyQN5Ii/k1Xq0nq0362PWmrHmM4fkT1hf32KSpXM=</latexit>

ĥ⇥ ⇠ h̃⇥ � h̃+v?

<latexit sha1_base64="tBobtqdElXyji507FAq9cxef5FI=">AAACJ3icbZDJSgNBEIZ74hbjFvXopTEIghhmJKInCXrxGMEskAmhp1NJmvQsdNcEwjBv48VX8SKoiB59EzsLqIk/NPx8VUV1/V4khUbb/rQyS8srq2vZ9dzG5tb2Tn53r6bDWHGo8lCGquExDVIEUEWBEhqRAuZ7Eure4GZcrw9BaREG9ziKoOWzXiC6gjM0qJ2/cvsMk37aTlwUPujU1cKnxssOjPGU0tMfkpykdGjaI1BR2s4X7KI9EV00zswUyEyVdv7F7YQ89iFALpnWTceOsJUwhYJLSHNurCFifMB60DQ2YGZ7K5ncmdIjQzq0GyrzAqQT+nsiYb7WI98znT7Dvp6vjeF/tWaM3ctWIoIoRgj4dFE3lhRDOg6NdoQCjnJkDONKmL9S3meKcTTR5kwIzvzJi6Z2VnRKxfO7UqF8PYsjSw7IITkmDrkgZXJLKqRKOHkgT+SVvFmP1rP1bn1MWzPWbGaf/JH19Q00mKf6</latexit>

Bias when fitting with standard templates



How important is this kinematic induced bias

We simulate three different populations in detector frame masses

1) neutron star binaries with 1.4M� � 1.4M�

<latexit sha1_base64="8DaHmxBEXXMN6j8ZtWTal00LaVQ=">AAACCHicbVDLSgMxFM34rPU16tKFwSK4scxIpS4LbtwIFewD2mHIZDJtaCYZkoxQhi7d+CtuXCji1k9w59+YaWdhWw9cODnnXnLvCRJGlXacH2tldW19Y7O0Vd7e2d3btw8O20qkEpMWFkzIboAUYZSTlqaakW4iCYoDRjrB6Cb3O49EKir4gx4nxIvRgNOIYqSN5NsnbrUG7/ysL0KhJxdzr7KBb1ecqjMFXCZuQSqgQNO3v/uhwGlMuMYMKdVznUR7GZKaYkYm5X6qSILwCA1Iz1COYqK8bHrIBJ4ZJYSRkKa4hlP170SGYqXGcWA6Y6SHatHLxf+8Xqqjay+jPEk14Xj2UZQyqAXMU4EhlQRrNjYEYUnNrhAPkURYm+zyENzFk5dJ+7Lq1qpX97VKo17EUQLH4BScAxfUQQPcgiZoAQyewAt4A+/Ws/VqfVifs9YVq5g5AnOwvn4BbouXBQ==</latexit>

2) black hole-black hole binaries with 30M� � 30M�

<latexit sha1_base64="1zNXiZfqIIrmEmX0tgglzhu7DEs=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgxjKjlbosuHEjVLAPaIchk0nb0EwyJBmhDF258VfcuFDErd/gzr8x086ith64cHLOveTeE8SMKu04P1ZhZXVtfaO4Wdra3tnds/cPWkokEpMmFkzIToAUYZSTpqaakU4sCYoCRtrB6Cbz249EKir4gx7HxIvQgNM+xUgbybePLx1456c9EQo9OZ9/lAx8u+xUnCngMnFzUgY5Gr793QsFTiLCNWZIqa7rxNpLkdQUMzIp9RJFYoRHaEC6hnIUEeWl0zMm8NQoIewLaYprOFXnJ1IUKTWOAtMZIT1Ui14m/ud1E92/9lLK40QTjmcf9RMGtYBZJjCkkmDNxoYgLKnZFeIhkghrk1wWgrt48jJpXVTcauXqvlqu1/I4iuAInIAz4IIaqINb0ABNgMETeAFv4N16tl6tD+tz1lqw8plD8AfW1y+FhJaR</latexit>

3) black hole-black hole binaries with 100M� � 100M�

<latexit sha1_base64="di/8C8CXKoAH37aLL0Bg8zUB8VM=">AAACCHicbVDLSgMxFM34rPU16tKFwSK4scxIpS4LbtwIFewD2mHIZDJtaCYZkoxQhi7d+CtuXCji1k9w59+YaWdhWw9cODnnXnLvCRJGlXacH2tldW19Y7O0Vd7e2d3btw8O20qkEpMWFkzIboAUYZSTlqaakW4iCYoDRjrB6Cb3O49EKir4gx4nxIvRgNOIYqSN5NsnruPAOz/ri1DoycXcq2zg2xWn6kwBl4lbkAoo0PTt734ocBoTrjFDSvVcJ9FehqSmmJFJuZ8qkiA8QgPSM5SjmCgvmx4ygWdGCWEkpCmu4VT9O5GhWKlxHJjOGOmhWvRy8T+vl+ro2ssoT1JNOJ59FKUMagHzVGBIJcGajQ1BWFKzK8RDJBHWJrs8BHfx5GXSvqy6terVfa3SqBdxlMAxOAXnwAV10AC3oAlaAIMn8ALewLv1bL1aH9bnrHXFKmaOwBysr19oK5cB</latexit>

Assumptions: isotropic sky distribution and orbital orientation, aligned spins, 
time of arrival uniform in one year 

Peculiar motion: isotropic with modulus from Maxwellian distribution with 
mean 500 km/s. (in agreement with galaxy observations)



Bias

Statistical error

Fraction of 
biased events

Kinematic induced bias on luminosity distance (2LIGO+Virgo)

Typical bias scales as           hence are larger for low SNR (large distance) 
However for these events, the statistical error is also larger: bias important at high SNR 
(reconstruction of dL more precise for neutron stars) 

|v|dL

<latexit sha1_base64="d//nCtI+oqupySrt0auHuugvyb8=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0lEqceCFw8eKtgPSEPZbDbt0s0m7E4KJe3P8OJBEa/+Gm/+GzdtDtr6YODx3gwz8/xEcA22/W2VNja3tnfKu5W9/YPDo+rxSUfHqaKsTWMRq55PNBNcsjZwEKyXKEYiX7CuP77L/e6EKc1j+QTThHkRGUoeckrASO5sMsPB4KFiMKjW7Lq9AF4nTkFqqEBrUP3qBzFNIyaBCqK169gJeBlRwKlg80o/1SwhdEyGzDVUkohpL1ucPMcXRglwGCtTEvBC/T2RkUjraeSbzojASK96ufif56YQ3noZl0kKTNLlojAVGGKc/48DrhgFMTWEUMXNrZiOiCIUTEp5CM7qy+ukc1V3rus3j9e1ZqOIo4zO0Dm6RA5qoCa6Ry3URhTF6Bm9ojcLrBfr3fpYtpasYuYU/YH1+QPnII+q</latexit>



Kinematic induced bias on inclination angle (2LIGO+Virgo)

Situation similar to DL reconstruction due to DL-\iota degeneracy  
Lower biased fraction of massive system due to the fact that for short events 
polarisations are hardly measured

Bias

Statistical error

Fraction of 
biased events



Statistical error

Fraction of 
biased events

Bias

Kinematic induced bias on luminosity distance (ET+CE)

High number of observable events:  O(1) binary neutron star merger and O(10) binary 
black holes with bias on reconstruction dL larger than 1-sigma  
(reconstruction of dL more precise for neutron stars) 



Impact of sky localisation bias: we compare the sky area associated to statistical uncertainty, with 
the displacement in sky position induced by the bias. 
A GW source is classified as biased if the true sky position is outside the area identified 
by a given confidence interval.

Confidence intervals on sky 
localisation from Grover et al. 2014

Localisation bias



BNSs detected with a SNR>100 have a 10% probability of having a significant bias, thus 
preventing the localization of the host galaxy.  
Bias problem less severe for ET+CE (worse sky localisation)

Kinematic induced bias on sky localisation (sky areas) - LVC case

Bias in sky 
localisation

Sky area 
associate to 
statistical error

Fraction of 
biased events



Effect of transverse motion: take home message

—Source velocity transverse to the line of sight: spin-1 appearing in the observer frame 
because of aberration 

—These are not new degrees of freedom (they are proportional to spin-2 polarisations) 

—Observationally we only have access to aberrated direction. We reconstruct  spin-2 
modes aberrated, with a kinematic mixing 

—This gives an irreducible bias in the reconstruction of orbital parameters 

—Significant fraction of events with bias larger than 1-sigma in the reconstruction of 
luminosity distance (important for ET, in standard sirens studies) 

—Localisation bias relevant for neutron stars at high SNR (prevents identification host 
galaxy) 



—distance estimate comes from the observed amplitude, which accounts for the 
expected sensitivity to the observed sky location 
—peculiar velocities:  true sky location gets smeared out and sky location response is 
some average of the true response within the range of sky locations that a source could 
be located at 
—(stealth) bias on the reconstruction luminosity distance. What happens to distribution? 

Effects on the population parameters (in progress)

Question: is this kinematic bias population 
preserving?  
Primary effect of bias on population will be due 
to selection, are there other effects? How to 
fully characterise bias on population?

Example



What about our motion wrt CMB rest frame?

Our reference frame moves wrt to a universal reference frame (usually 
identified with CMB rest frame, or rest frame of galaxies)

From CMB dipole and galaxy number counts: two estimates for our velocity,  
which are our of 5 sigma  

Idea: can we use GW to get an independent estimate of this velocity?

v
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What about our motion wrt CMB rest frame?

v
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(instrinsic) isotropic distribution 
of events 

We see more events in the 
direction of the peculiar motion

Kinematic dipole detectable by ET+CE: new constrain on our peculiar velocity! 
(interesting, seen discrepancy CMB vs galaxy counts) 

Foffa, Mastrogiovanni et al. 



Thank you



Some numerical estimates 
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We compare the two dotted lines (two different value of velocity)
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Kinematic induced bias on inclination angle (ET+CE)


