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Public database of NR BNS waveforms
https://core-gitlfs.tpi.uni-jena.de/core_database

and ejecta profiles
https://zenodo.org/communities/nrgw-opendata

https://core-gitlfs.tpi.uni-jena.de/core_database
https://zenodo.org/communities/nrgw-opendata


 Inspiral-merger GWs and measurement of tidal parameters (EOS) 

 Waveform models & systematics
 Targets for future Numerical Relativity (NR) simulations

 Kilohertz GWs from merger remnants

 Complete spectrum model (NR postmerger completion to inspiral-merger)
 Detection of postmerger signals & additional EOS information (?)

 Prompt collapse

 Equal vs unequal mass binaries
 Maximum mass and nuclear incompressibility

Outline



Measuring tides: main challenge

Gamba,Breschi,SB+ [https://arxiv.org/abs/2009.08467]

Tides

Chirp mass

https://arxiv.org/abs/2009.08467


Tidal parameters inference & wvf systematics
Gamba, Breschi, SB+ [https://arxiv.org/abs/2009.08467]

Updated NS radius measurement: 
R
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GW170817: no significant wvf systematics BUT Λ “double peaked” posteriors …
1kHz cut-off removes double peaks, less wvf baises and shifts to larger Λ (larger radii) for comparable log-like.
Estimated <10% SNR above f > 1kHz. High-frequencies issues in Λ-inference? [Dai+ 2018, Narikawa+ 2019]

Breschi+ [https://arxiv.org/abs/2101.01201] 

https://arxiv.org/abs/2009.08467
https://arxiv.org/abs/2101.01201


Tidal phasing

“point mass” phasing

Total phasing



Factorized (resummed) PN waveform [Damour,Iyer,Nagar 2008]
Includes test-mass limit (i.e. particle on Schwarzschild)
Includes post-Newtonian and self-force results
Uses resummation techniques → predictive strong-field regime
Includes tidal interactions (→ BNS) [Damour&Nagar PRD 2010]
Flexible framework → NR informed

[Buonanno&Damour PRD 2000a, 2000b]

Credit: A.Taracchini

Effective-one-body framework in a nutshell

Credit: L.Barak



Hamiltonian
(Newtonian limit):

Waveform:

Tidal coupling constant (Analogous to the reduced tidal parameter Λ  [Favata 2013])

A PN @ NNLO insufficient to merger ! (SB+ [https://arxiv.org/abs/1205.3403])

https://arxiv.org/abs/1205.3403


See also Bini, Damour, Feye 2013, Dolan+ 2014
Akcay, SB+ [https://arxiv.org/abs/1812.02744] 

https://arxiv.org/abs/1812.02744


See also e.g.
Lai [https://arxiv.org/abs/astro-ph/9404062] 
Kokkotas&Schaefer [https://arxiv.org/abs/gr-qc/9502034] 

https://arxiv.org/abs/astro-ph/9404062
https://arxiv.org/abs/gr-qc/9502034


Preliminary
Gamba,SB





Doulis,Atteneder,SB,Bruegmann
[https://arxiv.org/abs/2202.08839]

Gamba,Breschi,SB+[https://arxiv.org/abs/2009.08467]

Accuracy of NR waveforms

https://arxiv.org/abs/2202.08839
https://arxiv.org/abs/2009.08467


Entropy flux-limiter scheme
Doulis,Atteneder,SB,Bruegmann [https://arxiv.org/abs/2202.08839] 

https://arxiv.org/abs/2202.08839


Entropy flux-limiter scheme
Doulis,Atteneder,SB,Bruegmann [https://arxiv.org/abs/2202.08839] 

https://arxiv.org/abs/2202.08839


Nagar,SB,…,Radice+ [https://arxiv.org/abs/1806.01772]

High-order schemes, eccentricity-controlled initial data and code comparisons

SB&Dietrich [https://arxiv.org/abs/1604.07999]
See also Radice+ [https://arxiv.org/abs/1306.6052]

Initial data:
Moldenhauer+ [https://arxiv.org/abs/1408.4136] 
Tichy [https://arxiv.org/abs/1209.5336]

https://arxiv.org/abs/1806.01772
https://arxiv.org/abs/1604.07999
https://arxiv.org/abs/1306.6052
https://arxiv.org/abs/1408.4136
https://arxiv.org/abs/1209.5336


The BNS gravitational-wave spectrum
SB+ [https://arxiv.org/abs/1504.01764] 
Breschi,SB+ [https://arxiv.org/abs/1908.11418] 
Breschi,SB+ [https://arxiv.org/abs/2205.09112]

https://arxiv.org/abs/1504.01764
https://arxiv.org/abs/1908.11418
https://arxiv.org/abs/2205.09112


Breschi,SB+ [https://arxiv.org/abs/2205.09112]

https://arxiv.org/abs/2205.09112


Post-merger detection with 3G
Breschi,SB+ [https://arxiv.org/abs/2205.09112]

https://arxiv.org/abs/2205.09112


Full-spectrum constraints on M-R diagram
Full-spectrum (mock) analysis using ET @ minimum SNR threshold for a PM detection
NS maximum density to 15% and maximum mass to 12% (90% conf. Lev.)
Recalibration parameters: account for theoretical uncertainties in EOS-insensitive rel.

Breschi, SB+ [https://arxiv.org/abs/2110.06957] 

https://arxiv.org/abs/2110.06957


Deviations from quasiuniversal relations

Small “window” of binary parameters (EOS dependent)
Frequency vs collapse time
Recalibration parameters: are critical here 1,2,...N-sigma (?!)

Be careful concluding something about your favorite EOS model!
Breschi,SB+ [https://arxiv.org/abs/1908.11418] 
Breschi+ [https://arxiv.org/abs/2205.09979]

Radice,SB+ [https://arxiv.org/abs/1612.06429] 

https://arxiv.org/abs/1908.11418
https://arxiv.org/abs/2205.09979
https://arxiv.org/abs/1612.06429


Prompt collapse: equal masses

Kashyap+ [https://arxiv.org/abs/2111.05183] 

https://arxiv.org/abs/2111.05183


Inferring BH formation from inspiral GW

Agathos, Zappa, SB+ [https://arxiv.org/abs/1908.05442]

● Two methods, w/ NR-based prompt collapse 
criteria (consistent results)

– EOS inference + Threshold mass

– Tidal parameter + Λ-Threshold 

● GW170817: quantitatively support the 
“mainstream” interpretation of counterparts

● GW190425: 

PGW190425(prompt collapse) ~ 97%

LVC [https://arxiv.org/abs/2001.01761]

P
GW170817

(prompt collapse|M<1.97) < 10%

https://arxiv.org/abs/1908.05442
https://arxiv.org/abs/2001.01761


SB+ [ https://arxiv.org/abs/2003.06015 ]

Long-lived NS remnant

Accretion-induced PC

Prompt collapse: unequal masses

https://arxiv.org/abs/2003.06015


Prompt collapse: unequal masses

Perego+  [https://arxiv.org/abs/2112.05864] 

https://arxiv.org/abs/2112.05864


Disagreement NR+mesh vs conformally-flat+SPH simulations



Summary & thanks!
 Inspiral-merger GWs and measurement of tidal parameters (EOS) 

 Current waveform models insufficient at SNR>80  
 NR simulations at higher precision necessary for last cycles

 Kilohertz GWs from merger remnants

 NR-informed complete spectrum model
 Detection of postmerger signals at postmerger SNR~7 (inspiral SNR>100!)
 Extra EOS information tricky to extract

 Prompt collapse

 Maximum mass from equal-mass binaries appear robust
 Accretion-induced collapse rich phenonemology (nuclear incompressibility)

Gamba+ [https://arxiv.org/abs/2009.08467]

Breschi+ [https://arxiv.org/abs/2205.09112]

Perego+  [https://arxiv.org/abs/2112.05864] 

https://arxiv.org/abs/2009.08467
https://arxiv.org/abs/2205.09112
https://arxiv.org/abs/2112.05864


Backup slides



See also Hinderer 2007, Binnington&Poisson 2009

Love numbers depends on EOS and NS compactness
“inner problem”





The choice of quasiuniversal relation matters
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