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Typical LIGO-Virgo observation

Romero-Shaw+ (2019)

Eccentricity 90% level upper bounds
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What produced GW190521?

• Barely any (visible) pre-merger emission

• If BBH: primary black hole in the 
pair instability supernova gap.

• Remnant: intermediate-mass black hole.
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• If BBH: primary black hole in the 
pair instability supernova gap.

• Remnant: intermediate-mass black hole.
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• Barely any pre-merger emission

• If BBH: primary black hole in the 
pair instability supernova gap.

• Remnant: intermediate-mass black hole.

What produced GW190521?

• Mild precession signature
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• Barely any pre-merger emission

• If BBH: primary black hole in the 
pair instability supernova gap.

• Remnant: intermediate-mass black hole.

What produced GW190521?

• Mild precession signature

Extremely detailed study: Estellés et. al. 2021

P (precession|qBBH) 10 : 1
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• Barely any pre-merger emission

• If BBH: primary black hole in the 
pair instability supernova gap.

• Remnant: intermediate-mass black hole.

• Alternative interpretations

What produced GW190521?

• Small eccentricity (Romero-Shaw+)

• High Eccentricity (Gayahtri+)

• Boson-star merger (this talk)

• Head-on merger (JCB+)
Romero-Shaw+ (2020)
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• Alternative interpretations

What produced GW190521?

• Small eccentricity (Romero-Shaw+)

• High Eccentricity (Gayahtri+)

• Boson-star merger (this talk)

• Head-on merger (JCB+)

See also: Gamba et al (dynamical capture, on arxiv today)

Gamba+ (Today)
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• Remnant: intermediate-mass black hole.
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• Small eccentricity (Romero-Shaw+)
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• Boson-star merger (this talk)

• Head-on merger (JCB+) Lack of pre-merger 
signal



What produced GW190521?

Final Spin is too low

Head-on 
final spins

Lack of orbital angular momentum
Cosmic Censorship aBH < 1
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• Barely any pre-merger emission

• If BBH: primary black hole in the 
pair instability supernova gap.

• Remnant: intermediate-mass black 
hole.

• Alternative interpretations

What produced GW190521?

• Small eccentricity (Romero-Shaw+)

• High Eccentricity (Gayahtri+)

• Boson-star merger (this talk)

• Head-on merger (JCB+) Credit: Nicolás Sanchis-Gual, Rocío García-Souto

?



Boson stars, Proca stars and ultralight bosons

Self-gravitating Bose Einstein condensates of ultralight bosons

Compact objects with no event horizon (black hole mimickers)

Two “new physics” parameters

• Oscillation frequency of the field: !
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Determines the “compactness” of the star

Determines the maximum mass of the star 
(before collapsing to a black hole)

• Can have spins larger than 1!!!

• Can produce highly spinning remnant black holes!

• Dark-Matter candiates
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• Dark-Matter candiates
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<latexit sha1_base64="WAyLy8g69cg+3HZYKP9YIMX4CuQ=">AAAB7HicdVDLSsNAFJ34rPVVdanIYBFchaSN1WXRjcsWTFtoQ5lMJ+3QySTMTIQSunTtxoUibv2Gfoc7v8GfcJooqOiBC4dz7uXee/yYUaks681YWFxaXlktrBXXNza3tks7uy0ZJQITF0csEh0fScIoJ66iipFOLAgKfUba/vhy7rdviJA04tdqEhMvRENOA4qR0pLbC5N+q18qW2bNcSpOFWakWnNyUrGr0DatDOX6waz5fns4a/RLr71BhJOQcIUZkrJrW7HyUiQUxYxMi71EkhjhMRqSrqYchUR6aXbsFB5rZQCDSOjiCmbq94kUhVJOQl93hkiN5G9vLv7ldRMVnHsp5XGiCMf5oiBhUEVw/jkcUEGwYhNNEBZU3wrxCAmElc6nqEP4+hT+T1oV03bM06ZO4wLkKIB9cAROgA3OQB1cgQZwAQYU3IEH8Ghw4954Mp7z1gXjc2YP/IDx8gERlpKU</latexit>

!/µV

• Dark-Matter candiates



Boson stars, Proca stars and ultralight bosons

Self-gravitating Bose Einstein condensates of ultralight bosons

Compact objects with no event horizon (black hole mimickers)

Two “new physics” parameters

• Oscillation frequency of the field: 

• Boson mass: 

Determines the “compactness” of the star

Determines the maximum mass of the star 
(before collapsing to a black hole)

• Can have spins larger than 1!!!

• Can produce highly spinning remnant black holes!

µV

<latexit sha1_base64="WAyLy8g69cg+3HZYKP9YIMX4CuQ=">AAAB7HicdVDLSsNAFJ34rPVVdanIYBFchaSN1WXRjcsWTFtoQ5lMJ+3QySTMTIQSunTtxoUibv2Gfoc7v8GfcJooqOiBC4dz7uXee/yYUaks681YWFxaXlktrBXXNza3tks7uy0ZJQITF0csEh0fScIoJ66iipFOLAgKfUba/vhy7rdviJA04tdqEhMvRENOA4qR0pLbC5N+q18qW2bNcSpOFWakWnNyUrGr0DatDOX6waz5fns4a/RLr71BhJOQcIUZkrJrW7HyUiQUxYxMi71EkhjhMRqSrqYchUR6aXbsFB5rZQCDSOjiCmbq94kUhVJOQl93hkiN5G9vLv7ldRMVnHsp5XGiCMf5oiBhUEVw/jkcUEGwYhNNEBZU3wrxCAmElc6nqEP4+hT+T1oV03bM06ZO4wLkKIB9cAROgA3OQB1cgQZwAQYU3IEH8Ghw4954Mp7z1gXjc2YP/IDx8gERlpKU</latexit>

!/µV

• Dark-Matter candiates



A zoo of boson stars: Proca Stars

Spinning Proca star

Spinning Scalar star  
(Unstable)



A zoo of boson stars: Proca Stars

Spinning Proca star

Spinning Scalar star  
(Unstable)



Building a catalogue of Proca-star mergers

Credit: Nicolás Sanchis-Gual 



Building a catalogue of Proca-star mergers

We include (2,0), (2,2), (3,2) modes

Initial separation = 100M

Initial set:  

Equal-mass, equal field frequency (equal spin)



Building a catalogue of Proca-star mergers

We include (2,0), (2,2), (3,2) modes

Initial separation = 100M

Initial set:  

Equal-mass, equal field frequency (equal spin)

Secondary set: 

First frequency fixed, second varies



Building a catalogue of Proca-star mergers

Credit: Nicolás Sanchis-Gual 



Is GW190521 a Proca-star merger?

Model Selection Fundamentals

p(✓|d) = ⇡(✓)L(✓|d)
Z(✓|d)

<latexit sha1_base64="yd4b75D8cn9vTsVgOgvQwhEPQEY="></latexit>

L(✓|d) : Likelihood (fit)

<latexit sha1_base64="EtWEVnTZcOO56HGWqYMocxJ6LCk="></latexit>

⇡(✓) : Prior Assumptions

<latexit sha1_base64="6H90127p4yHVFn6L52EIHW5Nq/o="></latexit>

Z(✓|d) : Evidence for the model

<latexit sha1_base64="mticD6A9Yns/iVCH5Co8awAZmnM="></latexit>

Z(✓|d) =
Z

⇡(✓)L(✓|d)d✓

<latexit sha1_base64="va1lsC6pJIUdOTsB/6y0e3Xn+38="></latexit>

": Large likelihood

<latexit sha1_base64="uvZScaXSNq5Gy0ZClhGB5OCp1ws="></latexit>

#: Useless parameters (Occam’s Razor)

<latexit sha1_base64="bteq2frliEmTutVHrK3MVWm+m4Q="></latexit>

"#: Choice of priors

<latexit sha1_base64="XWCBEQZrry28FFH2F48lKjhr0ng="></latexit>

P (Model A)

P (Model B)
=

ZA

ZB

<latexit sha1_base64="a3532Z12cqUh3+C+I8az3tXOL/s="></latexit>



Is GW190521 a Proca-star merger?

• Compare to ~500 simulations, add 33 modeModel Selection Fundamentals

p(✓|d) = ⇡(✓)L(✓|d)
Z(✓|d)

<latexit sha1_base64="yd4b75D8cn9vTsVgOgvQwhEPQEY="></latexit>

L(✓|d) : Likelihood (fit)

<latexit sha1_base64="EtWEVnTZcOO56HGWqYMocxJ6LCk="></latexit>

⇡(✓) : Prior Assumptions

<latexit sha1_base64="6H90127p4yHVFn6L52EIHW5Nq/o="></latexit>

Z(✓|d) : Evidence for the model

<latexit sha1_base64="mticD6A9Yns/iVCH5Co8awAZmnM="></latexit>

Z(✓|d) =
Z

⇡(✓)L(✓|d)d✓

<latexit sha1_base64="va1lsC6pJIUdOTsB/6y0e3Xn+38="></latexit>

": Large likelihood

<latexit sha1_base64="uvZScaXSNq5Gy0ZClhGB5OCp1ws="></latexit>

#: Useless parameters (Occam’s Razor)

<latexit sha1_base64="bteq2frliEmTutVHrK3MVWm+m4Q="></latexit>

"#: Choice of priors

<latexit sha1_base64="XWCBEQZrry28FFH2F48lKjhr0ng="></latexit>

P (Model A)

P (Model B)
=

ZA

ZB

<latexit sha1_base64="a3532Z12cqUh3+C+I8az3tXOL/s="></latexit>

Sampler: CPNest            (Dynesty ongoing)

Frequency range: 11-512Hz

Code: Bilby Romero-Shaw+ 20Ashton+ 18

Settings:

Priors:

Uniform in Total Mass and Mass Ratio

Standard for the spins, source orientation, sky-location

Uniform in Co-moving volume

Veitch+



Is GW190521 a Proca-star merger?

Initial study
Published study



Is GW190521 a Proca-star merger?

GW190521 Parameters (Proca-star merger)



Is GW190521 a Proca-star merger?

GW190521 Parameters (Proca-star merger)



Is GW190521 a Proca-star merger?

GW190521 Parameters (Proca-star merger)

LVC (BBH)

272+26
�27M�

<latexit sha1_base64="NXL0eNDuC69nHk5bmLBWDWt6dSs="></latexit>

Circular mergers are louder  
Larger initial mass needed to get same final BH



Is GW190521 a Proca-star merger?

GW190521 Parameters (Proca-star merger)

LVC (BBH)

272+26
�27M�

<latexit sha1_base64="NXL0eNDuC69nHk5bmLBWDWt6dSs="></latexit>

Circular mergers are louder 
Larger initial mass needed to get same final BH

5300+2600
�2400Mpc

<latexit sha1_base64="Mu2xpkalPC1BkUdAsKULXIScbvY="></latexit>

Much closer than a BBH



Is GW190521 a Proca-star merger?

GW190521 Parameters (Proca-star merger)

LVC (BBH)

272+26
�27M�

<latexit sha1_base64="NXL0eNDuC69nHk5bmLBWDWt6dSs="></latexit>

Circular mergers are louder 
Larger initial mass needed to get same final BH

5300+2600
�2400Mpc

<latexit sha1_base64="Mu2xpkalPC1BkUdAsKULXIScbvY="></latexit>

Much closer than a BBH

150+29
�17M�

<latexit sha1_base64="bmh7fRzHSqlxFrxs9ZKwUu3bNLU="></latexit>

Much heavier than the BBH estimation



Is GW190521 a Proca-star merger?

• Compare to ~500 simulations, add 33 modeInitial study: Model Selection

Distance prior:  Uniform in-comoving volume



Is GW190521 a Proca-star merger?

• Compare to ~500 simulations, add 33 modeInitial study: Model Selection

Distance prior:  Uniform in-comoving volume

Reasonable, but this favours loud BBH sources

P (Proca q=1)

P (BBH)
= e(80.9�80.0) ' 2.5

<latexit sha1_base64="UfJKnPOr9E1O+rDDIW5+9tqmK0Y="></latexit>

P (Proca q 6=1)

P (BBH)
' 6.7

<latexit sha1_base64="cR/A0LNAyIZlzQLh3MAxYyBV2JQ="></latexit>



Is GW190521 a Proca-star merger?

• Compare to ~500 simulations, add 33 modeInitial study: Model Selection

Distance prior:  Uniform in-comoving volume

P (Proca q 6=1)

P (BBH)
' 70

<latexit sha1_base64="0k6sDDmvnBsxt/XLUR4geslUKWM="></latexit>

P (Proca q=1)

P (BBH)
' 30

<latexit sha1_base64="cwfTVlmVLIjCxAGxrNmXoTJeIRU="></latexit>



GW190521 Proca-star parameters

Head-on black-holes could not provide us with enough final spin



GW190521 Proca-star parameters

Head-on Proca stars can



GW190521 Proca-star parameters

Lack of power before signal peak: immediate ringdown of final black hole



GW190521 Proca-star parameters

Transient hypermassive Proca star: power before signal peak



New Physics

Bosonic field frequency Boson mass

µGW190521, q=1
V = 8.67+0.73

�0.82 ⇥ 10�13eV

<latexit sha1_base64="rCbQsjAGnGiKbp+iqw37zOGwyVU="></latexit>



Updated Result



Updated Result

Enlarged waveform family

We add the (3,3) mode

Increased Max LogLikelihood: from 106 to 110

Mildly increased Log Bayes Factor: from 80.9 to 81.46

See Capano+ 2021



Updated Result

µGW190521, Updated, Preliminary
V = 8.70+0.75

�0.69 ⇥ 10�13eV

<latexit sha1_base64="T6hAdGbBXwEzF3v+Uwi7PdtQ29I="></latexit>



Can previous events be Proca-star mergers?

Mmax

M�
= 1.125⇥ 1.34⇥ 10�10eV

µV

<latexit sha1_base64="8gIxQFgVHQ9M79kywV6clTwu1iA="></latexit>

Too massive Proca star: collapse to black hole

Final Proca star less massive: no collapse, no ringdown

Previous LVC events discarded as head-on Proca star 
mergers (with same boson mass)



Can previous events be Proca-star mergers?

Mmax

M�
= 1.125⇥ 1.34⇥ 10�10eV

µV

<latexit sha1_base64="8gIxQFgVHQ9M79kywV6clTwu1iA="></latexit>

Too massive Proca star: collapse to black hole

Final Proca star less massive: no collapse, no ringdown

Previous LVC events discarded as head-on Proca star 
mergers (with same boson mass)



Can previous events be Proca-star mergers?

Mmax

M�
= 1.125⇥ 1.34⇥ 10�10eV

µV

<latexit sha1_base64="8gIxQFgVHQ9M79kywV6clTwu1iA="></latexit>

Too massive Proca star: collapse to black hole

Final Proca star less massive: no collapse, no ringdown

Previous LVC events discarded as head-on Proca star 
mergers (with same boson mass)

MProca
max = 174+15

�14M�

<latexit sha1_base64="jxuKPjIShgUr9Ln3MKWbbrHkbJ8="></latexit>



PRELIMINAR

Take with a grain of salt

Ongoing work



S200114f

Second-most significant IMBH trigger reported by LVC

Parameter inconsistency across BBH models

Not ruled out as Proca star merger

LogB ~ 0 (as probable as a BBH)

Boson mass:

µ200114
B = 10.19+0.69

�0.55 ⇥ 10�13eV False Alarm Rate ~ 1/17yr



S200114f: results

Second-most significant IMBH trigger reported by LVC

Parameter inconsistency across BBH models

Not ruled out as Proca star merger

LogB ~ 0 (as probable as a BBH)

Boson mass:

LIGO+Virgo (2021)

µ200114
B = 10.19+0.69

�0.55 ⇥ 10�13eV



S200114f: results

Second-most significant IMBH trigger reported by LVC

Parameter inconsistency across BBH models

Not ruled out as Proca star merger

LogB (BBH vs. Proca Star) ~ 0 (as probable as a BBH)

Boson mass:

BBH run: IMRPhenomTPHM (Pratten+ 21):  MaxLogL = 103

Tried also NRSur7dq4 (Varma+ 20), IMRPhenomXPHM

Mass ratio

<latexit sha1_base64="TKMGmtuAIuugcvsnYFY1etlRVT8=">AAAB+nicdVDLSgMxFM3UVx1frS7dBIvgqsy0Y3UjFt24ESrYB7SlZNK0Dc08SO6oZeynuFFQxK3/4N6N+DdmWgUVPXDhcM69yb3HDQVXYFnvRmpmdm5+Ib1oLi2vrK5lsus1FUSSsioNRCAbLlFMcJ9VgYNgjVAy4rmC1d3hceLXL5hUPPDPYRSytkf6Pu9xSkBLnUy2BewK4lOiFJaJNu5kcla+5DgFp4gnpFhypqRgF7GdtybIHb6YB+Hdm1npZF5b3YBGHvOBCv1O07ZCaMdEAqeCjc1WpFhI6JD0WVNTn3hMtePJ6mO8rZUu7gVSlw94on6fiImn1MhzdadHYKB+e4n4l9eMoLffjrkfRsB8Ov2oFwkMAU5ywF0uGQUx0oRQyfWumA6IJBR0WqYO4etS/D+pFfK2k989s3LlIzRFGm2iLbSDbLSHyugEVVAVUXSJbtA9ejCujVvj0XiatqaMz5kN9APG8wd0xZfM</latexit>

dL[Mpc]

<latexit sha1_base64="2Y7mw0FY1zcbJdstknutn+cGxxI=">AAAB73icdVDLSsNAFJ34rPVVdelmaBEEISRtrC6LblwoVLAPSEOZTCbt0MnDmYkQQn9CBBeKuPV33PVvnCYKKnrgwuGce7n3HjdmVEjDmGkLi0vLK6ultfL6xubWdmVntyuihGPSwRGLeN9FgjAako6kkpF+zAkKXEZ67uR87vfuCBc0Cm9kGhMnQKOQ+hQjqaS+N7y0r2LsDCs1Q29aVt1qwJw0mlZB6mYDmrqRo9aqDo4eZq20Pay8D7wIJwEJJWZICNs0YulkiEuKGZmWB4kgMcITNCK2oiEKiHCy/N4pPFCKB/2IqwolzNXvExkKhEgDV3UGSI7Fb28u/uXZifRPnYyGcSJJiItFfsKgjOD8eehRTrBkqSIIc6puhXiMOMJSRVRWIXx9Cv8n3bpuWvrxtUrjDBQogX1QBYfABCegBS5AG3QABgzcgyfwrN1qj9qL9lq0LmifM3vgB7S3DyYAkwo=</latexit>

Mtotal(1 + z)[M�]

<latexit sha1_base64="t1S/namzhLQ4iwN0mds3XkRh/0g="></latexit>

Large individual spin magnitudes Large spin tilts: precession
µ200114
B = 10.19+0.69

�0.55 ⇥ 10�13eV



S200114f: results

Second-most significant IMBH trigger reported by LVC

Parameter inconsistency across BBH models

Not ruled out as Proca star merger

LogB (BBH vs. Proca Star) ~ 0 (as probable as a BBH)

Boson mass:

BBH run: IMRPhenomTPHM (Pratten+ 21):  MaxLogL = 103

Tried also NRSur7dq4 (Varma+ 20), IMRPhenomXPHM

Mass ratio

<latexit sha1_base64="TKMGmtuAIuugcvsnYFY1etlRVT8=">AAAB+nicdVDLSgMxFM3UVx1frS7dBIvgqsy0Y3UjFt24ESrYB7SlZNK0Dc08SO6oZeynuFFQxK3/4N6N+DdmWgUVPXDhcM69yb3HDQVXYFnvRmpmdm5+Ib1oLi2vrK5lsus1FUSSsioNRCAbLlFMcJ9VgYNgjVAy4rmC1d3hceLXL5hUPPDPYRSytkf6Pu9xSkBLnUy2BewK4lOiFJaJNu5kcla+5DgFp4gnpFhypqRgF7GdtybIHb6YB+Hdm1npZF5b3YBGHvOBCv1O07ZCaMdEAqeCjc1WpFhI6JD0WVNTn3hMtePJ6mO8rZUu7gVSlw94on6fiImn1MhzdadHYKB+e4n4l9eMoLffjrkfRsB8Ov2oFwkMAU5ywF0uGQUx0oRQyfWumA6IJBR0WqYO4etS/D+pFfK2k989s3LlIzRFGm2iLbSDbLSHyugEVVAVUXSJbtA9ejCujVvj0XiatqaMz5kN9APG8wd0xZfM</latexit>

dL[Mpc]

<latexit sha1_base64="2Y7mw0FY1zcbJdstknutn+cGxxI=">AAAB73icdVDLSsNAFJ34rPVVdelmaBEEISRtrC6LblwoVLAPSEOZTCbt0MnDmYkQQn9CBBeKuPV33PVvnCYKKnrgwuGce7n3HjdmVEjDmGkLi0vLK6ultfL6xubWdmVntyuihGPSwRGLeN9FgjAako6kkpF+zAkKXEZ67uR87vfuCBc0Cm9kGhMnQKOQ+hQjqaS+N7y0r2LsDCs1Q29aVt1qwJw0mlZB6mYDmrqRo9aqDo4eZq20Pay8D7wIJwEJJWZICNs0YulkiEuKGZmWB4kgMcITNCK2oiEKiHCy/N4pPFCKB/2IqwolzNXvExkKhEgDV3UGSI7Fb28u/uXZifRPnYyGcSJJiItFfsKgjOD8eehRTrBkqSIIc6puhXiMOMJSRVRWIXx9Cv8n3bpuWvrxtUrjDBQogX1QBYfABCegBS5AG3QABgzcgyfwrN1qj9qL9lq0LmifM3vgB7S3DyYAkwo=</latexit>

Mtotal(1 + z)[M�]

<latexit sha1_base64="t1S/namzhLQ4iwN0mds3XkRh/0g="></latexit>

Large individual spin magnitudes Large spin tilts: precession

Proca-star run: MaxLogL = 100

Mtotal(1 + z)[M�]

<latexit sha1_base64="t1S/namzhLQ4iwN0mds3XkRh/0g="></latexit>

dL[Mpc]

<latexit sha1_base64="2Y7mw0FY1zcbJdstknutn+cGxxI=">AAAB73icdVDLSsNAFJ34rPVVdelmaBEEISRtrC6LblwoVLAPSEOZTCbt0MnDmYkQQn9CBBeKuPV33PVvnCYKKnrgwuGce7n3HjdmVEjDmGkLi0vLK6ultfL6xubWdmVntyuihGPSwRGLeN9FgjAako6kkpF+zAkKXEZ67uR87vfuCBc0Cm9kGhMnQKOQ+hQjqaS+N7y0r2LsDCs1Q29aVt1qwJw0mlZB6mYDmrqRo9aqDo4eZq20Pay8D7wIJwEJJWZICNs0YulkiEuKGZmWB4kgMcITNCK2oiEKiHCy/N4pPFCKB/2IqwolzNXvExkKhEgDV3UGSI7Fb28u/uXZifRPnYyGcSJJiItFfsKgjOD8eehRTrBkqSIIc6puhXiMOMJSRVRWIXx9Cv8n3bpuWvrxtUrjDBQogX1QBYfABCegBS5AG3QABgzcgyfwrN1qj9qL9lq0LmifM3vgB7S3DyYAkwo=</latexit>

µ200114
B = 10.19+0.69

�0.55 ⇥ 10�13eV



S200114f: results

Second-most significant IMBH trigger reported by LVC

Parameter inconsistency across BBH models

Not ruled out as Proca star merger

LogB (BBH vs. Proca Star) ~ 0 (as probable as a BBH)

Boson mass:

BBH run: IMRPhenomTPHM (Pratten+ 21):  MaxLogL = 103

Tried also NRSur7dq4 (Varma+ 20), IMRPhenomXPHM

Mass ratio

<latexit sha1_base64="TKMGmtuAIuugcvsnYFY1etlRVT8=">AAAB+nicdVDLSgMxFM3UVx1frS7dBIvgqsy0Y3UjFt24ESrYB7SlZNK0Dc08SO6oZeynuFFQxK3/4N6N+DdmWgUVPXDhcM69yb3HDQVXYFnvRmpmdm5+Ib1oLi2vrK5lsus1FUSSsioNRCAbLlFMcJ9VgYNgjVAy4rmC1d3hceLXL5hUPPDPYRSytkf6Pu9xSkBLnUy2BewK4lOiFJaJNu5kcla+5DgFp4gnpFhypqRgF7GdtybIHb6YB+Hdm1npZF5b3YBGHvOBCv1O07ZCaMdEAqeCjc1WpFhI6JD0WVNTn3hMtePJ6mO8rZUu7gVSlw94on6fiImn1MhzdadHYKB+e4n4l9eMoLffjrkfRsB8Ov2oFwkMAU5ywF0uGQUx0oRQyfWumA6IJBR0WqYO4etS/D+pFfK2k989s3LlIzRFGm2iLbSDbLSHyugEVVAVUXSJbtA9ejCujVvj0XiatqaMz5kN9APG8wd0xZfM</latexit>

dL[Mpc]

<latexit sha1_base64="2Y7mw0FY1zcbJdstknutn+cGxxI=">AAAB73icdVDLSsNAFJ34rPVVdelmaBEEISRtrC6LblwoVLAPSEOZTCbt0MnDmYkQQn9CBBeKuPV33PVvnCYKKnrgwuGce7n3HjdmVEjDmGkLi0vLK6ultfL6xubWdmVntyuihGPSwRGLeN9FgjAako6kkpF+zAkKXEZ67uR87vfuCBc0Cm9kGhMnQKOQ+hQjqaS+N7y0r2LsDCs1Q29aVt1qwJw0mlZB6mYDmrqRo9aqDo4eZq20Pay8D7wIJwEJJWZICNs0YulkiEuKGZmWB4kgMcITNCK2oiEKiHCy/N4pPFCKB/2IqwolzNXvExkKhEgDV3UGSI7Fb28u/uXZifRPnYyGcSJJiItFfsKgjOD8eehRTrBkqSIIc6puhXiMOMJSRVRWIXx9Cv8n3bpuWvrxtUrjDBQogX1QBYfABCegBS5AG3QABgzcgyfwrN1qj9qL9lq0LmifM3vgB7S3DyYAkwo=</latexit>

Mtotal(1 + z)[M�]

<latexit sha1_base64="t1S/namzhLQ4iwN0mds3XkRh/0g="></latexit>

Large individual spin magnitudes Large spin tilts: precession

Proca-star run: MaxLogL = 100

Mtotal(1 + z)[M�]

<latexit sha1_base64="t1S/namzhLQ4iwN0mds3XkRh/0g="></latexit>

dL[Mpc]

<latexit sha1_base64="2Y7mw0FY1zcbJdstknutn+cGxxI=">AAAB73icdVDLSsNAFJ34rPVVdelmaBEEISRtrC6LblwoVLAPSEOZTCbt0MnDmYkQQn9CBBeKuPV33PVvnCYKKnrgwuGce7n3HjdmVEjDmGkLi0vLK6ultfL6xubWdmVntyuihGPSwRGLeN9FgjAako6kkpF+zAkKXEZ67uR87vfuCBc0Cm9kGhMnQKOQ+hQjqaS+N7y0r2LsDCs1Q29aVt1qwJw0mlZB6mYDmrqRo9aqDo4eZq20Pay8D7wIJwEJJWZICNs0YulkiEuKGZmWB4kgMcITNCK2oiEKiHCy/N4pPFCKB/2IqwolzNXvExkKhEgDV3UGSI7Fb28u/uXZifRPnYyGcSJJiItFfsKgjOD8eehRTrBkqSIIc6puhXiMOMJSRVRWIXx9Cv8n3bpuWvrxtUrjDBQogX1QBYfABCegBS5AG3QABgzcgyfwrN1qj9qL9lq0LmifM3vgB7S3DyYAkwo=</latexit>

µ200114
B = 10.19+0.69

�0.55 ⇥ 10�13eV

We use Newmann-
Penrose scalar as 

template



S200114f: results

Second-most significant IMBH trigger reported by LVC

Parameter inconsistency across BBH models

Not ruled out as Proca star merger

LogB ~ 0 (as probable as a BBH)

Boson mass:

µ200114
B = 10.19+0.69

�0.55 ⇥ 10�13eV

<latexit sha1_base64="iu5bF1s3dbrv4gzTOkuhFIdXZv8="></latexit>



GW190521 and S200114: mass consistency with BBH



GW190521 and S200114: boson mass consistency



Conclusions

GW190521 has brought us in the realm of ¿what are we observing?

Consistent with a head-on merger of Proca stars

Second, low significance trigger S200114 (ongoing)

Consistent masses at 90% C.I.

This talk:

µ190521
B = 8.70+0.75

�0.69 ⇥ 10�13eV

<latexit sha1_base64="0CUgm18jxpYKn3HvXoZIkO3yOY0="></latexit>

µ200114
B = 10.19+0.69

�0.55 ⇥ 10�13eV



Conclusions

GW190521 has brought us in the realm of ¿what are we observing?

Consistent with a head-on merger of Proca stars

Consistent masses at 90% C.I.

The future:

Simulations for less eccentric configurations: large room for improvement!!!!

Targeted search for boson-star mergers

Mass consistency across events: population studies. How many ultralight bosons are there, if any?

This talk:

µ190521
B = 8.70+0.75

�0.69 ⇥ 10�13eV

<latexit sha1_base64="0CUgm18jxpYKn3HvXoZIkO3yOY0="></latexit>

Second, low significance trigger S200114 (ongoing)

µ200114
B = 10.19+0.69

�0.55 ⇥ 10�13eV



Gravitational-wave data analysis with the Newmann-Penrose scalar
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<latexit sha1_base64="DH//q2nfWR3GI1aTiTA5cSuFtkE=">AAAB7XicdVDLSgMxFM34rPVVFdy4CRbB1TDTjtVlqRuXLdgHtEPJpJk2NpMMSUYoQ//BjQtF3LryL/wCd278FtOOgooeuHA4517uvSeIGVXacd6shcWl5ZXV3Fp+fWNza7uws9tSIpGYNLFgQnYCpAijnDQ11Yx0YklQFDDSDsbnM799TaSigl/qSUz8CA05DSlG2kitXl3RvtcvFB274nklrwznpFzxMlJyy9C1nTmK1f3GO32uvdT7hdfeQOAkIlxjhpTquk6s/RRJTTEj03wvUSRGeIyGpGsoRxFRfjq/dgqPjDKAoZCmuIZz9ftEiiKlJlFgOiOkR+q3NxP/8rqJDs/8lPI40YTjbFGYMKgFnL0OB1QSrNnEEIQlNbdCPEISYW0CypsQvj6F/5NWyXY9+6Rh0qiBDDlwAA7BMXDBKaiCC1AHTYDBFbgBd+DeEtat9WA9Zq0L1ufMHvgB6+kDZmGSvA==</latexit>



Using the Newmann-Penrose scalar       in GW data analysis 

Numerical Relativity simulations extract GWs in form of 

 4 =
d2h

dt2

<latexit sha1_base64="e1QUYOZzmAictA/5jCsriqQ+sGU=">AAACA3icbVDLSsNAFJ34rPUVdSHqZrAIrkpSKnYjFN24rGAf0KRhMpm0QycPZiZCCQE3/oobF4q49R/EnW7c+hlOHwttPXDhcM693HuPGzMqpGF8aHPzC4tLy7mV/Ora+samvrXdEFHCManjiEW85SJBGA1JXVLJSCvmBAUuI023fzH0mzeECxqF13IQEztA3ZD6FCOpJEfft2qCOmV4Bi2fI5x6nVIvSz3ZKWWOXjCKxghwlpgTUqhWvt52P7/3ao7+bnkRTgISSsyQEG3TiKWdIi4pZiTLW4kgMcJ91CVtRUMUEGGnox8yeKQUD/oRVxVKOFJ/T6QoEGIQuKozQLInpr2h+J/XTqRfsVMaxokkIR4v8hMGZQSHgUCPcoIlGyiCMKfqVoh7SGUhVWx5FYI5/fIsaZSKZrl4cqXSOAdj5MABOATHwASnoAouQQ3UAQa34B48giftTnvQnrWXceucNpnZAX+gvf4ARMGbEA==</latexit>

Obtention of strain requires of double integration plus cleaning procedure

Short numerical simulations may suffer from artefacts

 4 =
d2h

dt2

<latexit sha1_base64="uJUQiB3Z2/iesFs/KbpXVlUNHOY="></latexit>
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<latexit sha1_base64="QJeEzoAipuVnj+Umay/A+6rCHyo=">AAAB7nicdVDLSgNBEOyNrxhfUcGLl8EgeFp2kzV6DPHiMQHzgGQJs5NJMmT2wcysEJZ8hBcPinj14l/4Bd68+C1OdhVUtKChqOqmu8uLOJPKst6M3NLyyupafr2wsbm1vVPc3WvLMBaEtkjIQ9H1sKScBbSlmOK0GwmKfY/Tjje9WPidayokC4MrNYuo6+NxwEaMYKWlTr8h2cBBg2LJMquOU3YqKCWVqpORsl1BtmmlKNUOmu/suf7SGBRf+8OQxD4NFOFYyp5tRcpNsFCMcDov9GNJI0ymeEx7mgbYp9JN0nPn6FgrQzQKha5AoVT9PpFgX8qZ7+lOH6uJ/O0txL+8XqxG527CgihWNCDZolHMkQrR4nc0ZIISxWeaYCKYvhWRCRaYKJ1QQYfw9Sn6n7TLpu2Yp02dRh0y5OEQjuAEbDiDGlxCA1pAYAo3cAf3RmTcGg/GY9aaMz5n9uEHjKcPveqS5g==</latexit>
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Obtention of strain requires of double integration plus cleaning procedure

Short numerical simulations may suffer from artefacts

 4 =
d2h

dt2

<latexit sha1_base64="uJUQiB3Z2/iesFs/KbpXVlUNHOY="></latexit>
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Obtention of strain requires of double integration plus cleaning procedure

Short numerical simulations may suffer from artefacts
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Strategy:

Perform second-order differencing of GW strain data

Use as templates       directly extracted from NR 
simulations

Compute the      - PSD as: 
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S( 4)[k] =
1

(�t)4
(6� 8 cos(2⇡k/N) + 2 cos(4⇡k/N))Sh[k]

<latexit sha1_base64="WFq6o2zFTQZ0zBXy3QJ86AmbpZQ="></latexit>

Run parameter estimation as usual
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Perform second-order finite differencing of GW strain data

Use as templates       directly extracted from NR 
simulations
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<latexit sha1_base64="2t84g9mG4ah1xbeKH+BZdEonsGg=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuRLQMsbFMwDwgWcLsZDYZMzuzzMwKYck/2FgoYmvlX/gFdjZ+i5NHoYkHLhzOuZd77wlizrRx3S8ns7K6tr6R3cxtbe/s7uX3DxpaJorQOpFcqlaANeVM0LphhtNWrCiOAk6bwfB64jfvqdJMilsziqkf4b5gISPYWKnRqWrWLXXzBbfoToGWiTcnhfJR7Zu9Vz6q3fxnpydJElFhCMdatz03Nn6KlWGE03Guk2gaYzLEfdq2VOCIaj+dXjtGp1bpoVAqW8Kgqfp7IsWR1qMosJ0RNgO96E3E/7x2YsIrP2UiTgwVZLYoTDgyEk1eRz2mKDF8ZAkmitlbERlghYmxAeVsCN7iy8ukcV70SsWLmk2jAjNk4RhO4Aw8uIQy3EAV6kDgDh7gCZ4d6Tw6L87rrDXjzGcO4Q+ctx8A35J2</latexit>

Strategy:

Perform second-order finite differencing of GW strain data

Use as templates       directly extracted from NR 
simulations

Compute the      - PSD as: 

 4

<latexit sha1_base64="2t84g9mG4ah1xbeKH+BZdEonsGg=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuRLQMsbFMwDwgWcLsZDYZMzuzzMwKYck/2FgoYmvlX/gFdjZ+i5NHoYkHLhzOuZd77wlizrRx3S8ns7K6tr6R3cxtbe/s7uX3DxpaJorQOpFcqlaANeVM0LphhtNWrCiOAk6bwfB64jfvqdJMilsziqkf4b5gISPYWKnRqWrWLXXzBbfoToGWiTcnhfJR7Zu9Vz6q3fxnpydJElFhCMdatz03Nn6KlWGE03Guk2gaYzLEfdq2VOCIaj+dXjtGp1bpoVAqW8Kgqfp7IsWR1qMosJ0RNgO96E3E/7x2YsIrP2UiTgwVZLYoTDgyEk1eRz2mKDF8ZAkmitlbERlghYmxAeVsCN7iy8ukcV70SsWLmk2jAjNk4RhO4Aw8uIQy3EAV6kDgDh7gCZ4d6Tw6L87rrDXjzGcO4Q+ctx8A35J2</latexit>

S( 4)[k] =
1

(�t)4
(6� 8 cos(2⇡k/N) + 2 cos(4⇡k/N))Sh[k]

<latexit sha1_base64="WFq6o2zFTQZ0zBXy3QJ86AmbpZQ="></latexit>

Run parameter estimation as usual

 4

<latexit sha1_base64="2t84g9mG4ah1xbeKH+BZdEonsGg=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuRLQMsbFMwDwgWcLsZDYZMzuzzMwKYck/2FgoYmvlX/gFdjZ+i5NHoYkHLhzOuZd77wlizrRx3S8ns7K6tr6R3cxtbe/s7uX3DxpaJorQOpFcqlaANeVM0LphhtNWrCiOAk6bwfB64jfvqdJMilsziqkf4b5gISPYWKnRqWrWLXXzBbfoToGWiTcnhfJR7Zu9Vz6q3fxnpydJElFhCMdatz03Nn6KlWGE03Guk2gaYzLEfdq2VOCIaj+dXjtGp1bpoVAqW8Kgqfp7IsWR1qMosJ0RNgO96E3E/7x2YsIrP2UiTgwVZLYoTDgyEk1eRz2mKDF8ZAkmitlbERlghYmxAeVsCN7iy8ukcV70SsWLmk2jAjNk4RhO4Aw8uIQy3EAV6kDgDh7gCZ4d6Tw6L87rrDXjzGcO4Q+ctx8A35J2</latexit>

 4

 4

<latexit sha1_base64="QJeEzoAipuVnj+Umay/A+6rCHyo=">AAAB7nicdVDLSgNBEOyNrxhfUcGLl8EgeFp2kzV6DPHiMQHzgGQJs5NJMmT2wcysEJZ8hBcPinj14l/4Bd68+C1OdhVUtKChqOqmu8uLOJPKst6M3NLyyupafr2wsbm1vVPc3WvLMBaEtkjIQ9H1sKScBbSlmOK0GwmKfY/Tjje9WPidayokC4MrNYuo6+NxwEaMYKWlTr8h2cBBg2LJMquOU3YqKCWVqpORsl1BtmmlKNUOmu/suf7SGBRf+8OQxD4NFOFYyp5tRcpNsFCMcDov9GNJI0ymeEx7mgbYp9JN0nPn6FgrQzQKha5AoVT9PpFgX8qZ7+lOH6uJ/O0txL+8XqxG527CgihWNCDZolHMkQrR4nc0ZIISxWeaYCKYvhWRCRaYKJ1QQYfw9Sn6n7TLpu2Yp02dRh0y5OEQjuAEbDiDGlxCA1pAYAo3cAf3RmTcGg/GY9aaMz5n9uEHjKcPveqS5g==</latexit>

Using the Newmann-Penrose scalar       in GW data analysis  4

<latexit sha1_base64="QJeEzoAipuVnj+Umay/A+6rCHyo=">AAAB7nicdVDLSgNBEOyNrxhfUcGLl8EgeFp2kzV6DPHiMQHzgGQJs5NJMmT2wcysEJZ8hBcPinj14l/4Bd68+C1OdhVUtKChqOqmu8uLOJPKst6M3NLyyupafr2wsbm1vVPc3WvLMBaEtkjIQ9H1sKScBbSlmOK0GwmKfY/Tjje9WPidayokC4MrNYuo6+NxwEaMYKWlTr8h2cBBg2LJMquOU3YqKCWVqpORsl1BtmmlKNUOmu/suf7SGBRf+8OQxD4NFOFYyp5tRcpNsFCMcDov9GNJI0ymeEx7mgbYp9JN0nPn6FgrQzQKha5AoVT9PpFgX8qZ7+lOH6uJ/O0txL+8XqxG527CgihWNCDZolHMkQrR4nc0ZIISxWeaYCKYvhWRCRaYKJ1QQYfw9Sn6n7TLpu2Yp02dRh0y5OEQjuAEbDiDGlxCA1pAYAo3cAf3RmTcGg/GY9aaMz5n9uEHjKcPveqS5g==</latexit>



Strategy:

Use as templates       directly extracted from NR 
simulations

Compute the      - PSD as: 

 4

<latexit sha1_base64="2t84g9mG4ah1xbeKH+BZdEonsGg=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuRLQMsbFMwDwgWcLsZDYZMzuzzMwKYck/2FgoYmvlX/gFdjZ+i5NHoYkHLhzOuZd77wlizrRx3S8ns7K6tr6R3cxtbe/s7uX3DxpaJorQOpFcqlaANeVM0LphhtNWrCiOAk6bwfB64jfvqdJMilsziqkf4b5gISPYWKnRqWrWLXXzBbfoToGWiTcnhfJR7Zu9Vz6q3fxnpydJElFhCMdatz03Nn6KlWGE03Guk2gaYzLEfdq2VOCIaj+dXjtGp1bpoVAqW8Kgqfp7IsWR1qMosJ0RNgO96E3E/7x2YsIrP2UiTgwVZLYoTDgyEk1eRz2mKDF8ZAkmitlbERlghYmxAeVsCN7iy8ukcV70SsWLmk2jAjNk4RhO4Aw8uIQy3EAV6kDgDh7gCZ4d6Tw6L87rrDXjzGcO4Q+ctx8A35J2</latexit>

S( 4)[k] =
1

(�t)4
(6� 8 cos(2⇡k/N) + 2 cos(4⇡k/N))Sh[k]

<latexit sha1_base64="WFq6o2zFTQZ0zBXy3QJ86AmbpZQ="></latexit>

Run parameter estimation as usual

 4

<latexit sha1_base64="2t84g9mG4ah1xbeKH+BZdEonsGg=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuRLQMsbFMwDwgWcLsZDYZMzuzzMwKYck/2FgoYmvlX/gFdjZ+i5NHoYkHLhzOuZd77wlizrRx3S8ns7K6tr6R3cxtbe/s7uX3DxpaJorQOpFcqlaANeVM0LphhtNWrCiOAk6bwfB64jfvqdJMilsziqkf4b5gISPYWKnRqWrWLXXzBbfoToGWiTcnhfJR7Zu9Vz6q3fxnpydJElFhCMdatz03Nn6KlWGE03Guk2gaYzLEfdq2VOCIaj+dXjtGp1bpoVAqW8Kgqfp7IsWR1qMosJ0RNgO96E3E/7x2YsIrP2UiTgwVZLYoTDgyEk1eRz2mKDF8ZAkmitlbERlghYmxAeVsCN7iy8ukcV70SsWLmk2jAjNk4RhO4Aw8uIQy3EAV6kDgDh7gCZ4d6Tw6L87rrDXjzGcO4Q+ctx8A35J2</latexit>

S( 4)[k] =
1

(�t)4
(6� 8 cos(2⇡k/N) + 2 cos(4⇡k/N))Sh[k]

<latexit sha1_base64="tNo/mL0XJGOUzdZ+ml5yFDx6QpU="></latexit>

 4

<latexit sha1_base64="QJeEzoAipuVnj+Umay/A+6rCHyo=">AAAB7nicdVDLSgNBEOyNrxhfUcGLl8EgeFp2kzV6DPHiMQHzgGQJs5NJMmT2wcysEJZ8hBcPinj14l/4Bd68+C1OdhVUtKChqOqmu8uLOJPKst6M3NLyyupafr2wsbm1vVPc3WvLMBaEtkjIQ9H1sKScBbSlmOK0GwmKfY/Tjje9WPidayokC4MrNYuo6+NxwEaMYKWlTr8h2cBBg2LJMquOU3YqKCWVqpORsl1BtmmlKNUOmu/suf7SGBRf+8OQxD4NFOFYyp5tRcpNsFCMcDov9GNJI0ymeEx7mgbYp9JN0nPn6FgrQzQKha5AoVT9PpFgX8qZ7+lOH6uJ/O0txL+8XqxG527CgihWNCDZolHMkQrR4nc0ZIISxWeaYCKYvhWRCRaYKJ1QQYfw9Sn6n7TLpu2Yp02dRh0y5OEQjuAEbDiDGlxCA1pAYAo3cAf3RmTcGg/GY9aaMz5n9uEHjKcPveqS5g==</latexit>

 4

Using the Newmann-Penrose scalar       in GW data analysis  4

<latexit sha1_base64="QJeEzoAipuVnj+Umay/A+6rCHyo=">AAAB7nicdVDLSgNBEOyNrxhfUcGLl8EgeFp2kzV6DPHiMQHzgGQJs5NJMmT2wcysEJZ8hBcPinj14l/4Bd68+C1OdhVUtKChqOqmu8uLOJPKst6M3NLyyupafr2wsbm1vVPc3WvLMBaEtkjIQ9H1sKScBbSlmOK0GwmKfY/Tjje9WPidayokC4MrNYuo6+NxwEaMYKWlTr8h2cBBg2LJMquOU3YqKCWVqpORsl1BtmmlKNUOmu/suf7SGBRf+8OQxD4NFOFYyp5tRcpNsFCMcDov9GNJI0ymeEx7mgbYp9JN0nPn6FgrQzQKha5AoVT9PpFgX8qZ7+lOH6uJ/O0txL+8XqxG527CgihWNCDZolHMkQrR4nc0ZIISxWeaYCKYvhWRCRaYKJ1QQYfw9Sn6n7TLpu2Yp02dRh0y5OEQjuAEbDiDGlxCA1pAYAo3cAf3RmTcGg/GY9aaMz5n9uEHjKcPveqS5g==</latexit>

Perform second-order finite differencing of GW strain data

Isaac Wong (CUHK)



Strategy:

Use as templates       directly extracted from NR 
simulations

Compute the      - PSD as: 

 4

<latexit sha1_base64="2t84g9mG4ah1xbeKH+BZdEonsGg=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuRLQMsbFMwDwgWcLsZDYZMzuzzMwKYck/2FgoYmvlX/gFdjZ+i5NHoYkHLhzOuZd77wlizrRx3S8ns7K6tr6R3cxtbe/s7uX3DxpaJorQOpFcqlaANeVM0LphhtNWrCiOAk6bwfB64jfvqdJMilsziqkf4b5gISPYWKnRqWrWLXXzBbfoToGWiTcnhfJR7Zu9Vz6q3fxnpydJElFhCMdatz03Nn6KlWGE03Guk2gaYzLEfdq2VOCIaj+dXjtGp1bpoVAqW8Kgqfp7IsWR1qMosJ0RNgO96E3E/7x2YsIrP2UiTgwVZLYoTDgyEk1eRz2mKDF8ZAkmitlbERlghYmxAeVsCN7iy8ukcV70SsWLmk2jAjNk4RhO4Aw8uIQy3EAV6kDgDh7gCZ4d6Tw6L87rrDXjzGcO4Q+ctx8A35J2</latexit>

S( 4)[k] =
1

(�t)4
(6� 8 cos(2⇡k/N) + 2 cos(4⇡k/N))Sh[k]

<latexit sha1_base64="WFq6o2zFTQZ0zBXy3QJ86AmbpZQ="></latexit>

Run parameter estimation as usual

 4

<latexit sha1_base64="2t84g9mG4ah1xbeKH+BZdEonsGg=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuRLQMsbFMwDwgWcLsZDYZMzuzzMwKYck/2FgoYmvlX/gFdjZ+i5NHoYkHLhzOuZd77wlizrRx3S8ns7K6tr6R3cxtbe/s7uX3DxpaJorQOpFcqlaANeVM0LphhtNWrCiOAk6bwfB64jfvqdJMilsziqkf4b5gISPYWKnRqWrWLXXzBbfoToGWiTcnhfJR7Zu9Vz6q3fxnpydJElFhCMdatz03Nn6KlWGE03Guk2gaYzLEfdq2VOCIaj+dXjtGp1bpoVAqW8Kgqfp7IsWR1qMosJ0RNgO96E3E/7x2YsIrP2UiTgwVZLYoTDgyEk1eRz2mKDF8ZAkmitlbERlghYmxAeVsCN7iy8ukcV70SsWLmk2jAjNk4RhO4Aw8uIQy3EAV6kDgDh7gCZ4d6Tw6L87rrDXjzGcO4Q+ctx8A35J2</latexit>

 4

 4

S( 4)[k] =
1

(�t)4
(6� 8 cos(2⇡k/N) + 2 cos(4⇡k/N))Sh[k]

Using the Newmann-Penrose scalar       in GW data analysis  4

<latexit sha1_base64="QJeEzoAipuVnj+Umay/A+6rCHyo=">AAAB7nicdVDLSgNBEOyNrxhfUcGLl8EgeFp2kzV6DPHiMQHzgGQJs5NJMmT2wcysEJZ8hBcPinj14l/4Bd68+C1OdhVUtKChqOqmu8uLOJPKst6M3NLyyupafr2wsbm1vVPc3WvLMBaEtkjIQ9H1sKScBbSlmOK0GwmKfY/Tjje9WPidayokC4MrNYuo6+NxwEaMYKWlTr8h2cBBg2LJMquOU3YqKCWVqpORsl1BtmmlKNUOmu/suf7SGBRf+8OQxD4NFOFYyp5tRcpNsFCMcDov9GNJI0ymeEx7mgbYp9JN0nPn6FgrQzQKha5AoVT9PpFgX8qZ7+lOH6uJ/O0txL+8XqxG527CgihWNCDZolHMkQrR4nc0ZIISxWeaYCKYvhWRCRaYKJ1QQYfw9Sn6n7TLpu2Yp02dRh0y5OEQjuAEbDiDGlxCA1pAYAo3cAf3RmTcGg/GY9aaMz5n9uEHjKcPveqS5g==</latexit>

Perform second-order finite differencing of GW strain data

Isaac Wong (CUHK)



Strategy:

Use as templates       directly extracted from NR 
simulations

Compute the      - PSD as: 

 4

<latexit sha1_base64="2t84g9mG4ah1xbeKH+BZdEonsGg=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuRLQMsbFMwDwgWcLsZDYZMzuzzMwKYck/2FgoYmvlX/gFdjZ+i5NHoYkHLhzOuZd77wlizrRx3S8ns7K6tr6R3cxtbe/s7uX3DxpaJorQOpFcqlaANeVM0LphhtNWrCiOAk6bwfB64jfvqdJMilsziqkf4b5gISPYWKnRqWrWLXXzBbfoToGWiTcnhfJR7Zu9Vz6q3fxnpydJElFhCMdatz03Nn6KlWGE03Guk2gaYzLEfdq2VOCIaj+dXjtGp1bpoVAqW8Kgqfp7IsWR1qMosJ0RNgO96E3E/7x2YsIrP2UiTgwVZLYoTDgyEk1eRz2mKDF8ZAkmitlbERlghYmxAeVsCN7iy8ukcV70SsWLmk2jAjNk4RhO4Aw8uIQy3EAV6kDgDh7gCZ4d6Tw6L87rrDXjzGcO4Q+ctx8A35J2</latexit>

S( 4)[k] =
1

(�t)4
(6� 8 cos(2⇡k/N) + 2 cos(4⇡k/N))Sh[k]

<latexit sha1_base64="WFq6o2zFTQZ0zBXy3QJ86AmbpZQ="></latexit>

Run parameter estimation as usual

 4

<latexit sha1_base64="2t84g9mG4ah1xbeKH+BZdEonsGg=">AAAB7XicbVC7SgNBFL0bXzG+ooKNzWAQrMKuRLQMsbFMwDwgWcLsZDYZMzuzzMwKYck/2FgoYmvlX/gFdjZ+i5NHoYkHLhzOuZd77wlizrRx3S8ns7K6tr6R3cxtbe/s7uX3DxpaJorQOpFcqlaANeVM0LphhtNWrCiOAk6bwfB64jfvqdJMilsziqkf4b5gISPYWKnRqWrWLXXzBbfoToGWiTcnhfJR7Zu9Vz6q3fxnpydJElFhCMdatz03Nn6KlWGE03Guk2gaYzLEfdq2VOCIaj+dXjtGp1bpoVAqW8Kgqfp7IsWR1qMosJ0RNgO96E3E/7x2YsIrP2UiTgwVZLYoTDgyEk1eRz2mKDF8ZAkmitlbERlghYmxAeVsCN7iy8ukcV70SsWLmk2jAjNk4RhO4Aw8uIQy3EAV6kDgDh7gCZ4d6Tw6L87rrDXjzGcO4Q+ctx8A35J2</latexit>

 4

 4

S( 4)[k] =
1

(�t)4
(6� 8 cos(2⇡k/N) + 2 cos(4⇡k/N))Sh[k]

Using the Newmann-Penrose scalar       in GW data analysis  4

<latexit sha1_base64="QJeEzoAipuVnj+Umay/A+6rCHyo=">AAAB7nicdVDLSgNBEOyNrxhfUcGLl8EgeFp2kzV6DPHiMQHzgGQJs5NJMmT2wcysEJZ8hBcPinj14l/4Bd68+C1OdhVUtKChqOqmu8uLOJPKst6M3NLyyupafr2wsbm1vVPc3WvLMBaEtkjIQ9H1sKScBbSlmOK0GwmKfY/Tjje9WPidayokC4MrNYuo6+NxwEaMYKWlTr8h2cBBg2LJMquOU3YqKCWVqpORsl1BtmmlKNUOmu/suf7SGBRf+8OQxD4NFOFYyp5tRcpNsFCMcDov9GNJI0ymeEx7mgbYp9JN0nPn6FgrQzQKha5AoVT9PpFgX8qZ7+lOH6uJ/O0txL+8XqxG527CgihWNCDZolHMkQrR4nc0ZIISxWeaYCKYvhWRCRaYKJ1QQYfw9Sn6n7TLpu2Yp02dRh0y5OEQjuAEbDiDGlxCA1pAYAo3cAf3RmTcGg/GY9aaMz5n9uEHjKcPveqS5g==</latexit>

Perform second-order finite differencing of GW strain data



In which situations can one mistake precession by eccentricity?

JCB, Sanchis-Gual, Torres-Forne and Font:  arXiv 2009.01066 (2020),  Accepted in Phys. Rev. Lett

“Wrong” 
Precession

Can’t say 
anything



GW190521: Proca-star parameters

• Distance of ~500Mpc (5Gpc for LIGO-Virgo)

• Discard edge-on inclinations

JCB, Sanchis-Gual et. al.,Phys. Rev. Lett. 126, 081101 (2021) 

• Much lower redshift: much larger source frame mass Msource = Mdet/(1 + z)

<latexit sha1_base64="dmxJAxIlHWvt3WYBcigF09PfsX0=">AAACA3icbVBNS8MwGE79nPOr6k0vwSFMhNnKRC/C0IsXYYL7gK2UNE23sDQtSSrMUvDiX/HiQRGv/glv/huzrQfdfCDw5Hne903ex4sZlcqyvo25+YXFpeXCSnF1bX1j09zabsooEZg0cMQi0faQJIxy0lBUMdKOBUGhx0jLG1yN/NY9EZJG/E4NY+KEqMdpQDFSWnLN3Rs3nQzL4AXUF5+o7LhsHz0cumbJqlhjwFli56QEctRd86vrRzgJCVeYISk7thUrJ0VCUcxIVuwmksQID1CPdDTlKCTSScc7ZPBAKz4MIqEPV3Cs/u5IUSjlMPR0ZYhUX057I/E/r5Oo4NxJKY8TRTiePBQkDKoIjgKBPhUEKzbUBGFB9V8h7iOBsNKxFXUI9vTKs6R5UrGrldPbaql2mcdRAHtgH5SBDc5ADVyDOmgADB7BM3gFb8aT8WK8Gx+T0jkj79kBf2B8/gBDXpag</latexit>



GW190521: Proca-star parameters

• Distance of ~500Mpc (5Gpc for LIGO-Virgo)

• Discard edge-on inclinations

• (2,0) mode helps to constrain inclination

JCB, Sanchis-Gual et. al.,Phys. Rev. Lett. 126, 081101 (2021) 



GW190521: Proca-star parameters

• We can measure the azimuthal angle

• (2,0) mode introduces asymmetries in the GWs

• Star’s trajectories curved by frame-dragging

JCB, Sanchis-Gual et. al.,Phys. Rev. Lett. 126, 081101 (2021) 

• Evidence of (2:1) for presence of (2,0) mode

• Repeat analysis without (2,0) mode

• First measurement of frame dragging in GWs



Size of the Parameter Space

• Compare to ~500 simulations, add 33 modeImpact of Occam Penalty

Z(✓|d) =
Z

⇡(✓)L(✓|d)d✓

<latexit sha1_base64="va1lsC6pJIUdOTsB/6y0e3Xn+38="></latexit>

“Averaged” likelihood x Prior

“Bad” regions of parameter space reduce Z

No support for q > 2



Size of the Parameter Space

• Compare to ~500 simulations, add 33 modeImpact of Occam Penalty

Z(✓|d) =
Z

⇡(✓)L(✓|d)d✓

<latexit sha1_base64="va1lsC6pJIUdOTsB/6y0e3Xn+38="></latexit>

“Averaged” likelihood x Prior

“Bad” regions of parameter space reduce Z

Precession is a necessary complication



Size of the Parameter Space

• Compare to ~500 simulations, add 33 modeImpact of Occam Penalty

Z(✓|d) =
Z

⇡(✓)L(✓|d)d✓

<latexit sha1_base64="va1lsC6pJIUdOTsB/6y0e3Xn+38="></latexit>

“Averaged” likelihood x Prior

“Bad” regions of parameter space reduce Z

Removing q > 2 helps BBHs



Size of the Parameter Space

• Compare to ~500 simulations, add 33 modeImpact of Occam Penalty

Z(✓|d) =
Z

⇡(✓)L(✓|d)d✓

<latexit sha1_base64="va1lsC6pJIUdOTsB/6y0e3Xn+38="></latexit>

“Averaged” likelihood x Prior

“Bad” regions of parameter space reduce Z

Restricting to q=1 brings BBH closer to Proca



Size of the Parameter Space

• Compare to ~500 simulations, add 33 modeImpact of Occam Penalty

Z(✓|d) =
Z

⇡(✓)L(✓|d)d✓

<latexit sha1_base64="va1lsC6pJIUdOTsB/6y0e3Xn+38="></latexit>

“Averaged” likelihood x Prior

“Bad” regions of parameter space reduce Z

Restricting to q=1 brings BBH closer to Proca


