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Typical black-hole merger signal





GW190521

• Barely any (visible) pre-merger emission

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

• Remnant: intermediate-mass black hole.

LVC 2020
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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

P (precession|qBBH) 10 : 1
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• If BBH: primary black hole in the 
pair instability supernova gap.

• Remnant: intermediate-mass black hole.

What produced GW190521?
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• If BBH: primary black hole in the 
pair instability supernova gap.



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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• Boson mass: µ
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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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• Considered good Dark Matter candidates



Ultra-light bosons

Spinning Proca star

Spinning Scalar star  
(Unstable)



Boson stars, Proca stars and ultralight bosons



Boson stars, Proca stars and ultralight bosons



Building a catalogue of Proca-star mergers

Initial separation = 100M

Equal-mass, equal field frequency (equal spin)



Is GW190521 a Proca-star merger?

• 759 numerical  (head-on) 
simulations

Star field 
frequencies

• JCB+ 2020: reduced to 96 
simulations

• Include (2,2), (2,0), (3,2), (3,3) modes 
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Parameter inference

Evidence  

Proca-Star  
vs.  

Black-hole merger

Parameter estimates
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Going beyond the Wall…

• Analyse events beyond GW190521

• GW200220

• GW190426

• S200114f

Part of the GWTC-3 catalogue (LVK 2021)

Low significance (<1/year)

BBH estimate: 200Msun



Going beyond the Wall…

• Analyse events beyond GW190521

• GW200220

• GW190426

• S200114f

Part of the GWTC-3 catalogue (LVK 2021)

Low significance (<1/year)

Heaviest merger to date



Going beyond the Wall…

• Analyse events beyond GW190521

• GW200220

• GW190426

• S200114f

Not published as an event but as a loud trigger (Abbott+ 2022)

Significance much larger than other two events (1/30 year)

Extremely challenging for our 
waveform models

Not ruled out as a gravitational-wave 
detection



Results: Looking at the data

Best-fit waveforms (GW190521)



Proca-star or Black-hole merger?

• Compare to ~500 simulations, add 33 mode

• Proca-Star mildly favoured: GW190521, S200114f

• Proca-Star mildly rejected: GW200220 (though see next)

• Proca-Star strongly rejected: GW190426

0.05



Results

GW190521 Parameters (Proca-star merger)

LVC (BBH)

272+26
�27M�
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GW190521 Parameters (Proca-star merger)

LVC (BBH)
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5300+2600
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Much closer than a BBH

150+29
�17M�
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Much heavier than the BBH estimation

Results



Boson masses
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• Model: population with given fraction   of Proca-star mergers.⇣



Population

• Model: population with given fraction   of Proca-star mergers.⇣

Figure out   ⇣



Population

• Model: population with given fraction   of Proca-star mergers.⇣

• Obtain posterior distribution for ⇣

• Ignore s200114f:

• Only one event prefers PSM, population peaks at 
zero

• Removing loudness bias: peaks at ~0.3
Uniform distance-prior: 

larger preference for PSM



Population

• Model: population with given fraction   of Proca-star mergers.⇣

• Obtain posterior distribution for ⇣

• Ignore s200114f:

• Include s200114f:

• Preference for PSM increases 
population fraction

• Only one event prefers PSM, population peaks at 
zero

• Removing loudness bias: peaks at ~0.3
Uniform distance-prior: 

larger preference for PSM



Attempt to exploit mass-coincidence

• Can we exploit mass-consistencies? If so, one less parameter 

• Smaller Occam penalty for PSM model

• Raise evidence for PSM vs. BBH model
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• Raise evidence for PSM vs. BBH model

• Proposal: use the posterior for GW190521 (most significant 
event) as our prior

• New PSM-evidence for each individual event:

Original 
evidence

GW190521 
posterior

Original event 
posterior

Original prior

Mass-Overlap integral 
(Ashton+ 20)



Attempt to exploit mass-coincidence

• Can we exploit mass-consistencies? If so, one less parameter 

• Smaller Occam penalty for PSM model

• Raise evidence for PSM vs. BBH model

• Proposal: use the posterior for GW190521 (most significant 
event) as our prior

• New PSM-evidence for each individual event:

Original 
evidence

GW190521 
posterior

Original event 
posterior

Original prior

Mass-Overlap integral 
(Ashton+ 20)

I = 5.5

I = 3.1

I = 0.1

GW190521 + GW200220:

GW190521 + GW190426:

GW190521 + S200114f:



Attempt to exploit mass-coincidence

• Consistent mass across all events except 200114f

• Pushes PSM evidence

• Pop. Fraction peaks away from zero

• Inconsistent mass for s200114f:

• Penalises s200114f

• Not much difference between including and including it

• Also: evidence for GW190521 “artificially” increased due 
to using its posterior as its own prior

• Just a proof-of-concept study to exploit mass-
consistencies

• Next step (working on it): more agnostic approach. Sample over population fraction(s) and boson mass(es)



Conclusions

Boson (Proca)-stars are one of the simplest black-hole mimickers

• Analysed GW190521: consistent with boson-star merger + boson mass estimate

• Some LIGO-Virgo detections are challenging to interpret as black-hole mergers

Ultralight bosons are good candidates to form dark matter

First systematic comparison of LIGO-Virgo events to beyond BH models

• Catalog of boson-star simulations available (restricted to head-on mergers)

• Will analyse future events: exploit boson-mass consistencies

• Targeted searches 



After wave-like properties of boson stars

• Proca field is complex: there is a phase          characterising the star�(t)

• Relative phase                                              controls how stars interact, specially at merger��(t) = �1(t)� �2(t)

• In all previous cases                                            ��(t = 0) = 0

• However                            varies across our catalog��(tmerger)
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After wave-like properties of boson stars

• Proca field is complex: there is a phase          characterising the star�(t)

• Relative phase                                              controls how stars interact, specially at merger��(t) = �1(t)� �2(t)

• In all previous cases                                            ��(t = 0) = 0

• However                            varies across our catalog��(tmerger)



Measuring relative phase for GW190521

• Perform simulations for varying

• Ideally, do this for all of our initial catalog

• For now: 12 selected cases

• Bayesian inference on GW190521

��(tinitial)

P (�� = 0)

P (�� 6= 0)
' 2

• Working on a ~3000 simulation catalog

Fix first-star phase                           Vary second-star phase



Measuring relative phase for GW190521

• Perform simulations for varying

• Ideally, do this for all of our initial catalog

• For now: 12 selected cases

• Bayesian inference on GW190521

��(tinitial)

P (�� = 0)

P (�� 6= 0)
' 2

• Working on a ~3000 simulation catalog

Fix first-star phase                           Vary second-star phase



Measuring relative phase for GW190521

• Perform simulations for varying

• Ideally, do this for all of our initial catalog

• For now: 12 selected cases

• Bayesian inference on GW190521

��(tinitial)

P (�� = 0)

P (�� 6= 0)
' 2

• Working on a ~3000 simulation catalog

Fix first-star phase                           Vary second-star phase



Measuring relative phase for GW190521

• Perform simulations for varying

• Ideally, do this for all of our initial catalog

• For now: 12 selected cases

• Bayesian inference on GW190521

��(tinitial)

P (�� = 0)

P (�� 6= 0)
' 2

• Working on a ~3000 simulation catalog

Fix first-star phase                           Vary second-star phase



Measuring relative phase for GW190521

• Perform simulations for varying

• Ideally, do this for all of our initial catalog

• For now: 12 selected cases

• Bayesian inference on GW190521

��(tinitial)

P (�� = 0)

P (�� 6= 0)
' 2

• Working on a ~3000 simulation catalog

Fix first-star phase                           Vary second-star phase



Measuring relative phase for GW190521

• Perform simulations for varying

• Ideally, do this for all of our initial catalog

• For now: 12 selected cases

• Bayesian inference on GW190521

��(tinitial)

• Working on a ~3000 simulation catalog

Preference for null phase 
difference: “no wave-nature” 

evidence



Measuring relative phase for GW190521

• Perform simulations for varying

• Ideally, do this for all of our initial catalog

• For now: 12 selected cases

• Bayesian inference on GW190521

��(tinitial)

• Working on a ~3000 simulation catalog

Preference for null phase 
difference: “no wave-nature” 

evidence

P (�� = 0)

P (�� 6= 0)
' 2


