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Introduction

Core-Collapse Supernovae (CCSN) are a prime source of gravitational waves.  

Their typical frequencies make them perfect targets for ground-based detectors. 
A successful detection could potentially:  

• Reveal underlying explosion mechanism through analysis of the waveform. 
• Reveal properties of progenitor and/or new-born (proto-) neutron star (PNS).
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CCSN progenitors:  

• massive stars 8-100 Msun 

• Non-rotating (>99%)                                      
(Li+ 2011, Chapman+ 2007)

• Observable within ~10 kpc                        
(Gossan+ 2015, Powell & Müller 2018) 

• Rare events: 1/30 yr in our Galaxy (Adams+ 2013)
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Gravitational waves from PNS oscillations3982 A. Torres-Forné et al.

Figure 11. This figure shows the GW signal (upper panels), the corresponding spectrograms (middle panels), and the spectrograms with a selection of modes
overplotted (lower panels) for models s20 (left) and 35OC (right). Solid lines and dashed lines are used to indicate that the calculations were made using GP

and Gα , respectively. Note that for model s20 those two lines overlap.

with a higher frequency. The main features can be explained by the
2g1 mode and the 2p1 mode. The f mode and all p modes up to
order 5 are also clearly visible, albeit with lower amplitudes. We
note in particular that our computation of the l = 0 mode is able
to reproduce the characteristic feature of this mode close to black
hole formation, namely that its frequency goes to zero at the onset of
instability (Cerdá-Durán et al. 2013), as predicted by Chandrasekhar
(1964).

In addition to estimating the effect of the definition of G in our
mode comparison, we also test its effect on the expression for the

Brunt–Väisälä frequency. In this work we first perform an angular
average of the simulation data and then we compute the Brunt–
Väisälä frequency as N2 = GB, G and B being the radial component
of the vectors Gi and Bi . Alternatively one can compute N2 = GiBi ,
on the 2D grid of the simulation, and then perform the angular
average to obtain 1D profiles of N2. For the fast-rotating case, the
second procedure takes into account the non-radial components of
Gi and Bi , which are otherwise neglected in the first procedure.
We have computed the eigenmodes using both definitions and the

MNRAS 482, 3967–3988 (2019)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/482/3/3967/5142703 by esubs@
law

.ucla.edu user on 29 January 2019

Powell+ 2019

Müller+ 2013

Torres-Forné+ 2019
Kawahara+ 2018

• Highly stochastic GW signal 

• Frequencies evolve with time (g-modes, SASI)

Numerical simulation 
(Obergaulinger+ 2013)

spectrograms

waveform

arch-shaped features observed by different groups (multiple codes)
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Gravitational waves from PNS oscillations

2g2

2g3

2f

Torres-Forné+ 2019b

• Which one is the dominant mode? 

• How does it depend on PNS properties?
PNS asteroseismology

• p-modes and f-mode.  
Fundamental p-mode. 
Restoring force is pressure.

Features in spectrograms can be 
matched to specific PNS eigenmodes.

GW spectrogram from a 20Msun 
progenitor (Cerdá-Durán+ 2013)
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• g-modes                    
Gravity modes.         
Restoring force 
is buoyancy.
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Through numerical simulations of CCSN we show that the characteristic frequency for the 
different PNS modes does not depend on the exact structure of the PNS but can be 
estimated from the general properties of the remnant.  

The time-frequency relations (fits) are quasi-universal, as they do not depend on 
the EoS, progenitor star, or neutrino treatment.  

Those relations provide the potential to be used for parameter inference once actual GW 
observations from CCSN become available.

Quasi-universal relations

• 25 1D simulations 

• 2 codes: AENUS-ALCAR (Obergaulinger 2008; Just+ 2015) & CoCoNuT (Dimmelmeier+ 2005) 

• 6 EoS: LS220, Gshen-NL3, Hshen, SFHo, BHB-⋀, Hshen-⋀  

• 8 progenitors: 11.2 - 75 Msun 

• fits
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f = a+ bx+ cx2 + dx3
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Quasi-universal relations
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Quasi-universal relations
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Sotani+ 2021

Quasi-universal relations - models by H. SotaniQuasi-universal relations - 2D models by H. Sotani

2D radiation hydrodynamics CCSN simulations with 3DnSNe code  
(Takiwaki+ 2016, Kotake+ 2018)

20Msun progenitor of Woosley & Heger (2007)
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Quasi-universal relations - 3D models by J. Powell

Model He3.5 (Powell & Müller 2018)

Model s18 (Powell & Müller 2018)

Model y20 (Powell & Müller 2020)

20 Msun, non-rotating, solar metallicity helium 
(Wolf-Rayet) star from Yoon (2017)

2g2 mode evolution

Ultra-stripped star evolved from a helium star 
with an initial mass of 3.5 Msun (Tauris+ 2015)

Solar metallicity progenitor star with a ZAMS 
mass of 18 Msun.
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Inference: method

We focus on the 2g2 mode (main feature in spectrograms)

Goal: measure the time evolution of the ratio                      in GW data.

Step 1 of the method: Build a model that relates the ratio to the frequency evolution 
of the GW signal,        , using 1D simulations (model set) and quasi-universal relations.
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r(f)

18 AENUS-ALCAR simulations

Bizouard+ 2021

<latexit sha1_base64="CfgWwKWz2WPb1zGd+mMmzCUKsWs=">AAACHnicbZBNS8NAEIY3ftb6FfXoZbEIQqEkbUERhKIXjxWsLbQxbLaTdunmg92NUEp/i/4ZPSn1qP/GTZqDts7peed9B2bGizmTyrK+jZXVtfWNzcJWcXtnd2/fPDh8kFEiKLRoxCPR8YgEzkJoKaY4dGIBJPA4tL3RTeq3n0BIFoX3ahyDE5BByHxGidIt17wULrvqeaCIa2PfZeU5V1N+rOIynutapmuphlgyrkeZa5asipUVXgY7hxLKq+ma771+RJMAQkU5kbJrW7FyJkQoRjlMi71EQkzoiAygqzEkAUhnkt04xad+JLAaAs707+yEBFKOA09nAqKGctFLm/953UT5F86EhXGiIKQ6oj0/4VhFOH0V7jMBVPGxBkIF01tiOiSCUKUfWtTn24vHLkO7WrHrFdu+q5ca1/knCugYnaAzZKNz1EC3qIlaiKIX9IZm6NN4Nl6ND2M2j64Y+cwR+lPG1w9nc5/5</latexit>

ri = �1fi + �2f
2
i + �3f

3
i + ✏i

Discretized ratio parametrized with cubic 
polynomial regression with heteroscedastic 
errors

Errors take into account dispersion at high 
frequency. Zero-mean Gaussian error with 
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R-package lmvar  to fit the model using 
maximum likelihood approach.
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Inference: method
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r(t)Step 2 of the method: Use 2D simulations (test set) for which       is known to 
validate model and provide detectability estimates.
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We compute the spectrogram and search for the 2g2 mode frequency track (peak 
frequency using a simple track-finding algorithm) 

• Starting frequency range: [0, 200] Hz 
• Mode frequency can only grow

Bizouard+ 2021

initial 
frequency 

range

Example with s20S GW signal
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95% CI

Inference: method
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Inject s20S GW signal into 100 Gaussian noise realizations (design Advanced LIGO PSD)

Detectability prospects: s20S waveform

Vary distance and compare reconstructed ratio to true 
ratio, using coverage (fraction of values within 95% CI) 
and  relative error
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• Source optimally oriented wrt detector 
• Assume CCSN GW signal has been identified in the data

Bizouard+ 2021
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� < 20%Source at ~9 kpc: coverage > 80% and 

http://www.uv.es/virgogroup


Test that the method does not depend on the waveform.

Performance: distance at which ratio can be reconstructed with a coverage < 95 % of the 
noise-only coverage values.

Ratio well reconstructed for all waveforms (except s11 AND s20S) up to ~15 kpc. 

Coverage>80% and Error<20%
Bizouard+ 2021

Detectability prospects: all waveforms

http://www.uv.es/virgogroup


Detectability prospects: 2G and 3G detectors

Maximal distance at which the ratio                 is reconstructed with good accuracy 
for 2G and 3G detectors.  

[Good accuracy = median of coverage < 95% of noise-only values] 
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r =
MPNS

R2
PNS

Cosmic Explorer and Einstein Telescope: 

• Ratio reconstructed up to distance 100-700 kpc. 
• Best sensitivity above few hundred Hz most important parameter (low 

frequency <10 Hz sensitivity does not matter)

Bizouard+ 2021

[CE1, CE2: Reitze+ 2019; ET_B, ET_C, ET_D: Hild+ 2011]

http://www.uv.es/virgogroup


Multi-detector coherent analysis

Credit: T. Bruel

Network of 5 2G detectors (LHO, 
LLO, Virgo, KAGRA and LAO) at 
their nominal location and design 
sensitivity.

Motivation: more realistic working case taking into account the sky position of the 
source and the location/orientation of each ground-based detector (Bruel+ 2021)

http://www.uv.es/virgogroup


Multi-detector coherent analysis

Coherent analysis of whitened data done following same method as in the X-pipeline 
(Sutton+ 2010)

Signal track on spectrograms: LASSO fit (polynomial regression) on maxima

Waveform: s20-LS220; Distance: 5 kpc; Detectors: LLO, LHO, Virgo, KAGRA

Bruel+ 2021

http://www.uv.es/virgogroup


Performance

single-detector method multi-detector method

For a fixed source location we vary the distance.

LHO  -0.89    0.13
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F⇥ LHO  -0.89    0.13 
LLO    0.81   -0.29 
Virgo  0.24    0.56
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F⇥

Waveform: s20-LS220

Bruel+ 2021
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↵ = 8h
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� = 60�

(strong antenna patterns 
F+ for the LIGO detectors)
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h = F+(↵, �, )h+ + F⇥(↵, �, )h⇥
<latexit sha1_base64="e4i/rwgbxCsNn7tSKAa4F5BrLac=">AAAB8HicbZDNTsJAFIVv8Q/xD3XpZiIxcUVaQ6IbE6Ibl5iIkNBCpsMtTJj+ODM1IU2fQ3cGlz6LL+DbOGAXCp7VN/ecSe65fiK40rb9ZZXW1jc2t8rblZ3dvf2D6uHRo4pTybDNYhHLrk8VCh5hW3MtsJtIpKEvsONPbud+5xml4nH0oKcJeiEdRTzgjGoz6ruJ4td2P3MZlywfVGt23V6IrIJTQA0KtQbVT3cYszTESDNBleo5dqK9jErNmcC84qYKE8omdIQ9gxENUXnZYuucnAWxJHqMZPH+nc1oqNQ09E0mpHqslr358D+vl+rgyst4lKQaI2YixgtSQXRM5uXJkEtkWkwNUCa52ZKwMZWUaXOiiqnvLJddhc5F3WnUHee+UWveFJcowwmcwjk4cAlNuIMWtIGBhFeYwbv1ZL1Yb9bsJ1qyij/H8EfWxzfUfJA8</latexit>

 = 0�

http://www.uv.es/virgogroup


Performance

For a fixed source location we vary the distance.

LHO  -0.89    0.13 
LLO    0.81   -0.29 
Virgo  0.24    0.56 
KAG  -0.19   -0.05 
LAO  -0.26   -0.35
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F⇥

All waveforms

Bruel+ 2021

multi-detector methodDashed lines: only two LIGO detectors 
Solid lines: all five detectors (slight improvement 
despite Virgo, KAGRA and LAO not optimally aligned with source)
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� = 60�

(strong antenna patterns 
F+ for the LIGO detectors)
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h = F+(↵, �, )h+ + F⇥(↵, �, )h⇥
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Example: CCSN @ Galactic Center

Fixed sky position (galactic center) 
Time of arrival varies over 48h 

3 networks: [HL, HLV, HLVI] 

Mean coverage: [0.53, 0.70, 0.85]

The more detectors in the network, the higher the coverage and thus the 
chances of reconstructing the GW signal.

Waveform: s20-LS220

http://www.uv.es/virgogroup


Example: 3G detectors (2D waveform)

CCSN in nearby galaxies: average reconstruction probability.

Bruel+ 2021
Results for s20—LS220 waveform 

Must be repeated for all waveforms (ongoing)

http://www.uv.es/virgogroup


Inference with rapidly rotating CCSN

The peak GW emission at bounce is related to the degree of oblateness of the core at 
bounce, which is related to the rotation rate.

Most comprehensive study of the bounce signal done by Richers+ (2017): over 1800 2D CCSN 
simulations (up to 10ms post-bounce). Only one GW polarization (h+) non-zero.

Cerdá-Durán+ 2013

Richers+ 2017

Main features: 

• Peak with amplitude 
• Several oscillations with 

frequency  
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fpeak

http://www.uv.es/virgogroup


Inference in rapidly rotating CCSN

Q: What can we learn from performing PE on           and            ? 

A: We can estimate the source parameters:       and   

<latexit sha1_base64="Nl2em5cXo90RNt7FW8kg3zhw21Y=">AAAB7HicbZDNSsNAFIUn/tb6V3XpZrAIglASKeiyqAuXFawttqFMpjfN0MkkzNwIJfQpdCd16dP4Ar6N05qFtp7VN/ecgXtukEph0HW/nJXVtfWNzdJWeXtnd2+/cnD4aJJMc2jxRCa6EzADUihooUAJnVQDiwMJ7WB0M/Pbz6CNSNQDjlPwYzZUIhScoR099W5BIqNR/7xfqbo1dy66DF4BVVKo2a989gYJz2JQyCUzpuu5Kfo50yi4hEm5lxlIGR+xIXQtKhaD8fP5xhN6GiaaYgR0/v6dzVlszDgObCZmGJlFbzb8z+tmGF75uVBphqC4jVgvzCTFhM6K04HQwFGOLTCuhd2S8ohpxtGep2zre4tll6F9UfPqNc+7r1cb18UlSuSYnJAz4pFL0iB3pElahBNFXsmUvDux8+K8OdOf6IpT/Dkif+R8fAMYo44E</latexit>

�h+
<latexit sha1_base64="3kqPIgmXrrP1dMv0r0gNN0rUrOg=">AAAB7nicbZDNTgIxFIXv4B/iH+rSTSMxcUVmDIkuiW5cYiJCwhDSKXegoZ1O2o4JmfAYujO49GF8Ad/GgrNQ8Ky+3nOa3HOjVHBjff/LK21sbm3vlHcre/sHh0fV45MnozLNsM2UULobUYOCJ9i23ArsphqpjAR2osndwu88ozZcJY92mmJf0lHCY86odaMwHuShliRFOpkNqjW/7i9F1iEooAaFWoPqZzhULJOYWCaoMb3AT20/p9pyJnBWCTODKWUTOsKew4RKNP18ufOMXMRKEztGsnz/zuZUGjOVkctIasdm1VsM//N6mY1v+jlP0sxiwlzEeXEmiFVkUZ0MuUZmxdQBZZq7LQkbU02ZdQequPrBatl16FzVg0Y9CB4ateZtcYkynME5XEIA19CEe2hBGxik8ApzePeU9+K9efOfaMkr/pzCH3kf33x5j3k=</latexit>

fpeak
<latexit sha1_base64="guHQJ4Jy5UU4HgIb84+NfO2RD3E=">AAAB7nicbZDNSsNAFIVv6l+tf1WXbgaL4KokUtBl0Y3LCtYWmlAm05tm6CQTZiZCCX0M3Uld+jC+gG/jtGahrWf1zT1n4J4bZoJr47pfTmVjc2t7p7pb29s/ODyqH588aZkrhl0mhVT9kGoUPMWu4UZgP1NIk1BgL5zcLfzeMyrNZfpophkGCR2nPOKMGjvyfRXLYeGrhLDZsN5wm+5SZB28EhpQqjOsf/ojyfIEU8ME1XrguZkJCqoMZwJnNT/XmFE2oWMcWExpgjooljvPyEUkFTExkuX7d7agidbTJLSZhJpYr3qL4X/eIDfRTVDwNMsNpsxGrBflghhJFtXJiCtkRkwtUKa43ZKwmCrKjD1Qzdb3VsuuQ++q6bWanvfQarRvy0tU4QzO4RI8uIY23EMHusAgg1eYw7sjnRfnzZn/RCtO+ecU/sj5+AZ+xo96</latexit>⇢c

<latexit sha1_base64="N1sBJEcaxlij2Gwjzh/XT+HjITE=">AAAB73icbVDLTgJBEOzFF+IL9ehlIjHxRHYNiR6JXjxiAi4JbMjs0AsTZh/OzJqQZX9DbwaP/os/4N844B4UrFN1V3XSVX4iuNK2/WWVNja3tnfKu5W9/YPDo+rxyaOKU8mww2IRy65PFQoeYUdzLbCbSKShL9D1J3cL3X1GqXgctfU0QS+ko4gHnFFtVl4/kJRl7TybubN8UK3ZdXsJsk6cgtSgQGtQ/ewPY5aGGGkmqFI9x060l1GpOROYV/qpwoSyCR1hz9CIhqi8bPl0Ti6CWBI9RrKcf3szGio1DX3jCakeq1VtsfxP66U6uPEyHiWpxogZi9GCVBAdk0V2MuQSmRZTQyiT3HxJ2JiaBrRpqGLiO6th14l7VXcadcd5aNSat0UTZTiDc7gEB66hCffQgg4weIJXmMO7lVgv1ps1/7GWrOLmFP7A+vgG4e+QVQ==</latexit>

T

|W |

Richers

Richers et al catalog:



PE in rapidly rotating CCSN

Richers+ (2017)

Richers

<latexit sha1_base64="t2DpMt+Cr1FabV2leSXrx+Kei3c=">AAACAnicbVDLSgNBEJyN7/ha9SjIYBAEIexKQI9BPXhUSEwgG8LspDcZMruzzPQKYc1Jf0Zvokc/wR/wb5zEHDSxTtVd1dBVYSqFQc/7cgoLi0vLK6trxfWNza1td2f3zqhMc6hzJZVuhsyAFAnUUaCEZqqBxaGERji4HOuNe9BGqKSGwxTaMeslIhKcoV113IPgCiQy2u+cBKlWKaog0ozntVH+0HgYddySV/YmoPPEn5ISmeKm434GXcWzGBLkkhnT8r0U2znTKLiEUTHIDKSMD1gPWpYmLAbTzic5RvQoUppiH+hk/u3NWWzMMA6tJ2bYN7PaePmf1sowOm/nIkkzhIRbi9WiTFJUdFwH7QoNHOXQEsa1sF9S3me2AbSlFW18fzbsPGmclv1K2fdvK6XqxbSJVbJPDskx8ckZqZJrckPqhJMn8kLeyLvz6Dw7r87bj7XgTG/2yB84H9/RW5eI</latexit>

�h+ / T

|W |

<latexit sha1_base64="kXAB6zN9ykhrWwcj3Mv6HvwrLxY=">AAACHHicbZBLSwMxFIUz9VXrq+rSTbAIrsqMCHZZdOOygrWFzjBk0jttaGYSk4xQhvkp+md0p3Up+G9MHwttvauTe77APSeSnGnjut9OaW19Y3OrvF3Z2d3bP6geHj1okSkKbSq4UN2IaOAshbZhhkNXKiBJxKETjW6mfucJlGYivTdjCUFCBimLGSXGrsJqIw5zXyVYAhkV2JdKSCOwHytCc6/Iff2oTO5HRFlqKIo5TIuiCKs1t+7OBq8KbyFqaDGtsPrh9wXNEkgN5UTrnudKE+REGUY5FBU/0yAJHZEB9KxMSQI6yGcJC3wWC4XNEPDs/ZvNSaL1OIkskxAz1MvedPmf18tM3AhylsrMQEotYr0449jGnxaF+0wBNXxsBaGK2SsxHRLbi7F1Vmx8bznsquhc1L3LuufdXdaa14smyugEnaJz5KEr1ES3qIXaiKIX9IYm6NN5dl6dd2cyR0vO4s8x+jPO1w8j9qMc</latexit>

fpeak / 1p
⇢̄c

Q: What can we learn from performing PE on           and            ? 

A: We can estimate the source parameters:       and   

<latexit sha1_base64="Nl2em5cXo90RNt7FW8kg3zhw21Y=">AAAB7HicbZDNSsNAFIUn/tb6V3XpZrAIglASKeiyqAuXFawttqFMpjfN0MkkzNwIJfQpdCd16dP4Ar6N05qFtp7VN/ecgXtukEph0HW/nJXVtfWNzdJWeXtnd2+/cnD4aJJMc2jxRCa6EzADUihooUAJnVQDiwMJ7WB0M/Pbz6CNSNQDjlPwYzZUIhScoR099W5BIqNR/7xfqbo1dy66DF4BVVKo2a989gYJz2JQyCUzpuu5Kfo50yi4hEm5lxlIGR+xIXQtKhaD8fP5xhN6GiaaYgR0/v6dzVlszDgObCZmGJlFbzb8z+tmGF75uVBphqC4jVgvzCTFhM6K04HQwFGOLTCuhd2S8ohpxtGep2zre4tll6F9UfPqNc+7r1cb18UlSuSYnJAz4pFL0iB3pElahBNFXsmUvDux8+K8OdOf6IpT/Dkif+R8fAMYo44E</latexit>

�h+
<latexit sha1_base64="3kqPIgmXrrP1dMv0r0gNN0rUrOg=">AAAB7nicbZDNTgIxFIXv4B/iH+rSTSMxcUVmDIkuiW5cYiJCwhDSKXegoZ1O2o4JmfAYujO49GF8Ad/GgrNQ8Ky+3nOa3HOjVHBjff/LK21sbm3vlHcre/sHh0fV45MnozLNsM2UULobUYOCJ9i23ArsphqpjAR2osndwu88ozZcJY92mmJf0lHCY86odaMwHuShliRFOpkNqjW/7i9F1iEooAaFWoPqZzhULJOYWCaoMb3AT20/p9pyJnBWCTODKWUTOsKew4RKNP18ufOMXMRKEztGsnz/zuZUGjOVkctIasdm1VsM//N6mY1v+jlP0sxiwlzEeXEmiFVkUZ0MuUZmxdQBZZq7LQkbU02ZdQequPrBatl16FzVg0Y9CB4ateZtcYkynME5XEIA19CEe2hBGxik8ApzePeU9+K9efOfaMkr/pzCH3kf33x5j3k=</latexit>

fpeak
<latexit sha1_base64="guHQJ4Jy5UU4HgIb84+NfO2RD3E=">AAAB7nicbZDNSsNAFIVv6l+tf1WXbgaL4KokUtBl0Y3LCtYWmlAm05tm6CQTZiZCCX0M3Uld+jC+gG/jtGahrWf1zT1n4J4bZoJr47pfTmVjc2t7p7pb29s/ODyqH588aZkrhl0mhVT9kGoUPMWu4UZgP1NIk1BgL5zcLfzeMyrNZfpophkGCR2nPOKMGjvyfRXLYeGrhLDZsN5wm+5SZB28EhpQqjOsf/ojyfIEU8ME1XrguZkJCqoMZwJnNT/XmFE2oWMcWExpgjooljvPyEUkFTExkuX7d7agidbTJLSZhJpYr3qL4X/eIDfRTVDwNMsNpsxGrBflghhJFtXJiCtkRkwtUKa43ZKwmCrKjD1Qzdb3VsuuQ++q6bWanvfQarRvy0tU4QzO4RI8uIY23EMHusAgg1eYw7sjnRfnzZn/RCtO+ecU/sj5+AZ+xo96</latexit>⇢c

<latexit sha1_base64="N1sBJEcaxlij2Gwjzh/XT+HjITE=">AAAB73icbVDLTgJBEOzFF+IL9ehlIjHxRHYNiR6JXjxiAi4JbMjs0AsTZh/OzJqQZX9DbwaP/os/4N844B4UrFN1V3XSVX4iuNK2/WWVNja3tnfKu5W9/YPDo+rxyaOKU8mww2IRy65PFQoeYUdzLbCbSKShL9D1J3cL3X1GqXgctfU0QS+ko4gHnFFtVl4/kJRl7TybubN8UK3ZdXsJsk6cgtSgQGtQ/ewPY5aGGGkmqFI9x060l1GpOROYV/qpwoSyCR1hz9CIhqi8bPl0Ti6CWBI9RrKcf3szGio1DX3jCakeq1VtsfxP66U6uPEyHiWpxogZi9GCVBAdk0V2MuQSmRZTQyiT3HxJ2JiaBrRpqGLiO6th14l7VXcadcd5aNSat0UTZTiDc7gEB66hCffQgg4weIJXmMO7lVgv1ps1/7GWrOLmFP7A+vgG4e+QVQ==</latexit>

T

|W |



PE in rapidly rotating CCSN - master waveform

Possible to describe a large fraction of the Richers+ (2017) waveforms in the early post-bounce 
phase in a simple form - a master waveform template - depending only on         and    

<latexit sha1_base64="Nl2em5cXo90RNt7FW8kg3zhw21Y=">AAAB7HicbZDNSsNAFIUn/tb6V3XpZrAIglASKeiyqAuXFawttqFMpjfN0MkkzNwIJfQpdCd16dP4Ar6N05qFtp7VN/ecgXtukEph0HW/nJXVtfWNzdJWeXtnd2+/cnD4aJJMc2jxRCa6EzADUihooUAJnVQDiwMJ7WB0M/Pbz6CNSNQDjlPwYzZUIhScoR099W5BIqNR/7xfqbo1dy66DF4BVVKo2a989gYJz2JQyCUzpuu5Kfo50yi4hEm5lxlIGR+xIXQtKhaD8fP5xhN6GiaaYgR0/v6dzVlszDgObCZmGJlFbzb8z+tmGF75uVBphqC4jVgvzCTFhM6K04HQwFGOLTCuhd2S8ohpxtGep2zre4tll6F9UfPqNc+7r1cb18UlSuSYnJAz4pFL0iB3pElahBNFXsmUvDux8+K8OdOf6IpT/Dkif+R8fAMYo44E</latexit>

�h+

<latexit sha1_base64="3kqPIgmXrrP1dMv0r0gNN0rUrOg=">AAAB7nicbZDNTgIxFIXv4B/iH+rSTSMxcUVmDIkuiW5cYiJCwhDSKXegoZ1O2o4JmfAYujO49GF8Ad/GgrNQ8Ky+3nOa3HOjVHBjff/LK21sbm3vlHcre/sHh0fV45MnozLNsM2UULobUYOCJ9i23ArsphqpjAR2osndwu88ozZcJY92mmJf0lHCY86odaMwHuShliRFOpkNqjW/7i9F1iEooAaFWoPqZzhULJOYWCaoMb3AT20/p9pyJnBWCTODKWUTOsKew4RKNP18ufOMXMRKEztGsnz/zuZUGjOVkctIasdm1VsM//N6mY1v+jlP0sxiwlzEeXEmiFVkUZ0MuUZmxdQBZZq7LQkbU02ZdQequPrBatl16FzVg0Y9CB4ateZtcYkynME5XEIA19CEe2hBGxik8ApzePeU9+K9efOfaMkr/pzCH3kf33x5j3k=</latexit>

fpeak

Master waveform: average of 420 waveforms.

Include only models that (a) collapse, and (b) 
<latexit sha1_base64="uqSc2g1Gtyq2J8bNT5ftvuCSyC0=">AAAB+HicbVDLTsJAFL3FF+KrPnZuJhITV6Q1RF2wILpxiQlYEmjIdJjChOkjM1OTWvotujO49Dv8Af/GAbtQ8Gzuufecm9x7vJgzqSzryyitrW9sbpW3Kzu7e/sH5uHRo4wSQWiHRDwSXQ9LyllIO4opTruxoDjwOHW8yd1cd56okCwK2yqNqRvgUch8RrDSo4F5YjX6vsAka+fZ1JnmDatmXQ3Mqi4LoFViF6QKBVoD87M/jEgS0FARjqXs2Vas3AwLxQineaWfSBpjMsEj2tM0xAGVbra4PkfnfiSQGlO06H97MxxImQae9gRYjeWyNh/+p/US5d+4GQvjRNGQaIvW/IQjFaF5CGjIBCWKp5pgIpi+EpEx1jEoHVVFv28vP7tKnMuaXa/Z9kO92rwtkijDKZzBBdhwDU24hxZ0gMAzvMIM3o3UeDHejNmPtWQUO8fwB8bHN6Lqkjg=</latexit>

0 <
T

|W | < 0.06

Waveforms are: (a) aligned at time of bounce, (b) strain and time axes renormalized, (c) overlap 
late sinusoidal as much as possible.

Pastor-Marcos+ (2021)

<latexit sha1_base64="5VJLvXlFw/xAyhVxWubEP4iAnwk=">AAACCHicbZC9TgJBFIVn8Q/xD7W0mYgmUEh2DYmWRBtLTERIgJDZ4S5MmP3JzF0TstkH0JfRzmBp7Qv4Ng4LhYK3+uaeM8k9x42k0Gjb31ZubX1jcyu/XdjZ3ds/KB4ePeowVhyaPJShartMgxQBNFGghHakgPmuhJY7vp3prSdQWoTBA04i6PlsGAhPcIZm1S+elfEC+0lX+dRNK96cImDjlJYz1mmF9oslu2pnQ1fBWUCJLKbRL351ByGPfQiQS6Z1x7Ej7CVMoeAS0kI31hAxPmZD6BgMmA+6l2RpUnruhYriCGj2/u1NmK/1xHeNx2c40svabPmf1onRu+4lIohihIAbi9G8WFIM6awUOhAKOMqJAcaVMFdSPmKKcTTVFUx8ZznsKrQuq06t6jj3tVL9ZtFEnpyQU1ImDrkidXJHGqRJOHkhb2RKPqxn69V6t6Zza85a/Dkmf8b6/AHoUZhr</latexit>

(t� tb)fpeak(s)
<latexit sha1_base64="5VJLvXlFw/xAyhVxWubEP4iAnwk=">AAACCHicbZC9TgJBFIVn8Q/xD7W0mYgmUEh2DYmWRBtLTERIgJDZ4S5MmP3JzF0TstkH0JfRzmBp7Qv4Ng4LhYK3+uaeM8k9x42k0Gjb31ZubX1jcyu/XdjZ3ds/KB4ePeowVhyaPJShartMgxQBNFGghHakgPmuhJY7vp3prSdQWoTBA04i6PlsGAhPcIZm1S+elfEC+0lX+dRNK96cImDjlJYz1mmF9oslu2pnQ1fBWUCJLKbRL351ByGPfQiQS6Z1x7Ej7CVMoeAS0kI31hAxPmZD6BgMmA+6l2RpUnruhYriCGj2/u1NmK/1xHeNx2c40svabPmf1onRu+4lIohihIAbi9G8WFIM6awUOhAKOMqJAcaVMFdSPmKKcTTVFUx8ZznsKrQuq06t6jj3tVL9ZtFEnpyQU1ImDrkidXJHGqRJOHkhb2RKPqxn69V6t6Zza85a/Dkmf8b6/AHoUZhr</latexit>

(t� tb)fpeak(s)

<latexit sha1_base64="f8jxfmar6vpGDw93MGAoV32mh2A=">AAAB8HicbZDLTgJBEEVrfCK+UJduOhITExOcMSS6JOrCJSYiJDCSnqYGOvQ87K4xIYTv0J3Bpd/iD/g3NshCwbs6Xfd2UreCVElDrvvlLC2vrK6t5zbym1vbO7uFvf0Hk2RaYE0kKtGNgBtUMsYaSVLYSDXyKFBYD/rXE7/+jNrIJL6nQYp+xLuxDKXgZEePvfbpWesGFXFmsV0ouiV3KrYI3gyKMFO1XfhsdRKRRRiTUNyYpuem5A+5JikUjvKtzGDKRZ93sWkx5hEafzjdesSOw0Qz6iGbvn9nhzwyZhAFNhNx6pl5bzL8z2tmFF76QxmnGWEsbMR6YaYYJWxSnnWkRkFqYIELLe2WTPS45oLsifK2vjdfdhHq5yWvXPK8u3KxcjW7RA4O4QhOwIMLqMAtVKEGAjS8whjenSfnxXlzxj/RJWf25wD+yPn4Bmpbj00=</latexit> h
+
/�

h
+

http://www.uv.es/virgogroup


PE in rapidly rotating CCSN

Waveform model depends on three parameters: 

Perform three series of injections under different conditions (random values of parameters):

Each series consists of 1000 injections on random Gaussian noise of a 3-detector HLV network 
at design sensitivity.

Injections performed at: 

• Random sky location 
• Random luminosity distance in 0.1-1000 kpc range 
• Random inclination angle of rotation axis

For each injection, inference on (a)         and (b)                           performed, 
assuming source location in the sky,  source distance, and time of bounce known.

<latexit sha1_base64="3kqPIgmXrrP1dMv0r0gNN0rUrOg=">AAAB7nicbZDNTgIxFIXv4B/iH+rSTSMxcUVmDIkuiW5cYiJCwhDSKXegoZ1O2o4JmfAYujO49GF8Ad/GgrNQ8Ky+3nOa3HOjVHBjff/LK21sbm3vlHcre/sHh0fV45MnozLNsM2UULobUYOCJ9i23ArsphqpjAR2osndwu88ozZcJY92mmJf0lHCY86odaMwHuShliRFOpkNqjW/7i9F1iEooAaFWoPqZzhULJOYWCaoMb3AT20/p9pyJnBWCTODKWUTOsKew4RKNP18ufOMXMRKEztGsnz/zuZUGjOVkctIasdm1VsM//N6mY1v+jlP0sxiwlzEeXEmiFVkUZ0MuUZmxdQBZZq7LQkbU02ZdQequPrBatl16FzVg0Y9CB4ateZtcYkynME5XEIA19CEe2hBGxik8ApzePeU9+K9efOfaMkr/pzCH3kf33x5j3k=</latexit>

fpeak
<latexit sha1_base64="+bX3jRtKrnrOMus/lH/HUjXuP3w=">AAACCHicbVDNTgIxGOziH+If6tFLI5qYmJBdQqJHohw8YiJCwiLplg+2ofuT9lsTsuEB9GX0ZvDo2RfwbSy4BwXnNJ2Zpp3xYik02vaXlVtZXVvfyG8WtrZ3dveK+wf3OkoUhyaPZKTaHtMgRQhNFCihHStggSeh5Y2uZ37rEZQWUXiH4xi6ARuGYiA4QyP1iid1l/cjpG4dJDLq985pJmgRPlRc9AFZr1iyy/YcdJk4GSmRDI1e8dPtRzwJIEQumdYdx46xmzKFgkuYFNxEQ8z4iA2hY2jIAtDddN5mQk8HkaLmXTo//86mLNB6HHgmEzD09aI3E//zOgkOLrupCOMEIeQmYrxBIilGdDYK7QsFHOXYEMaVML+k3GeKcTTTFUx9Z7HsMmlVyk617Di31VLtKlsiT47IMTkjDrkgNXJDGqRJOHkmr2RK3q0n68V6s6Y/0ZyV3Tkkf2B9fAMZSpiR</latexit>

D ·�h+ · sin2 ✓

• Null injections with zero amplitude: only noise reference (no signal) 

• Master waveform injections with                                  and 

• Random waveform injections among the 402 waveforms selected to build master template  

<latexit sha1_base64="xQ2EKCmGmFllLn8BgE16nndayNw=">AAACB3icbVC7TgJBFJ31ifhCLW0mEhMLQmYNUUuiDSUmIiS7GzI73IUJs4/MzJrghl5/RjuDpb0/4N84rFsoeKpz7zk3uef4ieBKE/JlrayurW9slrbK2zu7e/uVg8N7FaeSQYfFIpY9nyoQPIKO5lpAL5FAQ19A1x/fzPXuA0jF4+hOTxLwQjqMeMAZ1WbVr1SDfubKECdAx1OXR84FITWbEOK5tVxoPU6Ni9RJDrxM7IJUUYF2v/LpDmKWhhBpJqhSjk0S7WVUas4ETMtuqiChbEyH4Bga0RCUl+Vhpvg0iCXWI8D5/Nub0VCpSegbT0j1SC1q8+V/mpPq4MrLeJSkGiJmLEYLUoF1jOed4AGXwLSYGEKZ5OZLzEZUUqZNc2UT314Mu0y653W7Ubft20a1eV00UULH6ASdIRtdoiZqoTbqIIae0SuaoXfryXqx3qzZj3XFKm6O0B9YH9+J6Jeb</latexit>

fpeak 2 [600, 1000]Hz
<latexit sha1_base64="UL1skvsF/Gei9/+kkRG2ZKh4EcE=">AAACGnicbVDLSgNBEJz1bXxFPXoZDIKghN0QjEfRHDwqGBPIrmF20jGDM7PLTK8QlnyJ/ozeJB69+DdOYg4a7VN1VTV0VZxKYdH3P725+YXFpeWV1cLa+sbmVnF759YmmeHQ4IlMTCtmFqTQ0ECBElqpAaZiCc344WKsNx/BWJHoGxykECl2r0VPcIaO6hRP6iHvJhjWQSKj/c7R92qFvquE2AdHhkK3/eOa70fhcR4aRbkadoolv+xPhv4FwRSUyHSuOsX3sJvwTIFGLpm17cBPMcqZQcElDAthZiFl/IHdQ9tBzRTYKJ/kG9KDXmKoe4ZO9p/enClrByp2HsWwb2e1Mfmf1s6wdxrlQqcZgubO4rReJikmdFwT7QoDHOXAAcaNcF9S3meGcXRlFlz8YDbsX9CslINqOQiuq6Wz82kTK2SP7JNDEpAaOSOX5Io0CCfP5JWMyLv35L14b97o2zrnTW92ya/xPr4ASiWfjg==</latexit>

D ·�h+ · sin2 ✓ 2 [0, 700] cm

http://www.uv.es/virgogroup


PE in rapidly rotating CCSN - results

For signal injections:

max of 
<latexit sha1_base64="AJhSIxYDBXBgeJZISdJAAwI5qqs=">AAACCnicbVC7TsMwFHV4lvIKMLJYVCCmKq4qwVgVBsYiUVqpCZXjOq1VJ7ZsB6mK8gXwM7ChMjLyA/wNbskALWc6955zpXtOKDnTxvO+nJXVtfWNzdJWeXtnd2/fPTi81yJVhLaJ4EJ1Q6wpZwltG2Y47UpFcRxy2gnHVzO980iVZiK5MxNJgxgPExYxgo1d9d0zn4thP0NenvkEc9jMfamENAL6kcIkQ3l2/VDL+27Fq3pzwGWCClIBBVp999MfCJLGNDGEY617yJMmyLAyjHCal/1UU4nJGA9pz9IEx1QH2TxPDk8joaAZUTiff3szHGs9iUPribEZ6UVttvxP66UmugwylsjU0IRYi9WilEMbdFYLHDBFieETSzBRzH4JyQjbBowtr2zjo8Wwy6RTq6J6FaHbeqXRLJoogWNwAs4BAhegAW5AC7QBAc/gFUzBu/PkvDhvzvTHuuIUN0fgD5yPb/iOmj4=</latexit>

log10 B / 1

D2

(upper limit for signals with maximum amplitude, 
optimal inclination and sky location.)

no influence of         in
<latexit sha1_base64="j4sX74jvVqhVLbmZg0gbn4x2Qo8=">AAAB9XicbZDNTgIxFIXv4B/i36BLN43ExBWZGhJdEty4xESEhJlMOqUDDZ2ftB0Mmcyb6M7g0hfxBXwbC85CwbP6es9pcu8JUsGVdpwvq7K1vbO7V92vHRweHZ/Y9dMnlWSSsh5NRCIHAVFM8Jj1NNeCDVLJSBQI1g+md0u/P2NS8SR+1POUeREZxzzklGgz8u26K5Kxn2OnyF1KBOoUvt1wms5KaBNwCQ0o1fXtT3eU0CxisaaCKDXETqq9nEjNqWBFzc0USwmdkjEbGoxJxJSXr1Yv0GWYSKQnDK3ev7M5iZSaR4HJRERP1Lq3HP7nDTMd3no5j9NMs5iaiPHCTCCdoGUDaMQlo1rMDRAqudkS0QmRhGrTU82cj9eP3YT+dRO3mhg/tBrtTtlEFc7hAq4Aww204R660AMKz/AKC3i3ZtaL9WYtfqIVq/xzBn9kfXwDCZKRXw==</latexit>

log10 B
<latexit sha1_base64="3kqPIgmXrrP1dMv0r0gNN0rUrOg=">AAAB7nicbZDNTgIxFIXv4B/iH+rSTSMxcUVmDIkuiW5cYiJCwhDSKXegoZ1O2o4JmfAYujO49GF8Ad/GgrNQ8Ky+3nOa3HOjVHBjff/LK21sbm3vlHcre/sHh0fV45MnozLNsM2UULobUYOCJ9i23ArsphqpjAR2osndwu88ozZcJY92mmJf0lHCY86odaMwHuShliRFOpkNqjW/7i9F1iEooAaFWoPqZzhULJOYWCaoMb3AT20/p9pyJnBWCTODKWUTOsKew4RKNP18ufOMXMRKEztGsnz/zuZUGjOVkctIasdm1VsM//N6mY1v+jlP0sxiwlzEeXEmiFVkUZ0MuUZmxdQBZZq7LQkbU02ZdQequPrBatl16FzVg0Y9CB4ateZtcYkynME5XEIA19CEe2hBGxik8ApzePeU9+K9efOfaMkr/pzCH3kf33x5j3k=</latexit>

fpeak

For noise injections:
<latexit sha1_base64="6KOSrnRowbQV0M84DfxW169OKLk=">AAAB/nicbVBLTsMwFHT4lvILsIONRYXEqopRJVhWZcOySJRWaqLIcZ3WqhNbtoOoogguAztUlhyCC3Ab3JIFtMxq3pt50puJJGfaeN6Xs7K6tr6xWdmqbu/s7u27B4f3WmSK0A4RXKhehDXlLKUdwwynPakoTiJOu9H4eqZ3H6jSTKR3ZiJpkOBhymJGsLGr0D32uRiGOfKK3CeYw1bhYymVeIRe6Na8ujcHXCaoJDVQoh26n/5AkCyhqSEca91HnjRBjpVhhNOi6meaSkzGeEj7lqY4oTrI5xkKeBYLBc2Iwvn825vjROtJEllPgs1IL2qz5X9aPzPxVZCzVGaGpsRarBZnHBoBZ1XAAVOUGD6xBBPF7JeQjLDCxNjCqjY+Wgy7TLoXddSoI3TbqDVbZRMVcAJOwTlA4BI0wQ1ogw4g4Bm8gil4d56cF+fNmf5YV5zy5gj8gfPxDYSUlP8=</latexit>

log10 B ⇡ 0

<latexit sha1_base64="IYJF1XZZBKtGmKGaikBmG0wd4z4=">AAAB+3icbVDLSsNAFL3xWesr6sKFm8EiuCoZqehKSt24rGBtoQlhMp20QycPZiZCifkZ3Uld+hf+gH/jtGahrWd17j3nwj0nSAVX2nG+rJXVtfWNzcpWdXtnd2/fPjh8VEkmKevQRCSyFxDFBI9ZR3MtWC+VjESBYN1gfDvTu09MKp7ED3qSMi8iw5iHnBJtVr597Ipk6OfYKXKXEoFaBbpBTv3St2tO3ZkDLRNckhqUaPv2pztIaBaxWFNBlOpjJ9VeTqTmVLCi6maKpYSOyZD1DY1JxJSXzwMU6CxMJNIjhubzb29OIqUmUWA8EdEjtajNlv9p/UyH117O4zTTLKbGYrQwE0gnaNYDGnDJqBYTQwiV3HyJ6IhIQrVpq2ri48Wwy6R7UceNOsb3jVqzVTZRgRM4hXPAcAVNuIM2dIBCAa8whXfr2Xqx3qzpj3XFKm+O4A+sj2+o35Ks</latexit>

log10 B > 0.5In general, signals with 
are above the noise (99% CI) 

Pastor-Marcos+ (2021)

http://www.uv.es/virgogroup


PE in rapidly rotating CCSN - results

cWB pipeline: over 50% of fast-rotating CCSN with SNR>20 are detectable in real detector 
noise conditions (Szczepanczyk 2018).

Dependence of Bayes Factor with network SNR

Max of              proportional to network 
SNR squared (dashed line).

<latexit sha1_base64="j4sX74jvVqhVLbmZg0gbn4x2Qo8=">AAAB9XicbZDNTgIxFIXv4B/i36BLN43ExBWZGhJdEty4xESEhJlMOqUDDZ2ftB0Mmcyb6M7g0hfxBXwbC85CwbP6es9pcu8JUsGVdpwvq7K1vbO7V92vHRweHZ/Y9dMnlWSSsh5NRCIHAVFM8Jj1NNeCDVLJSBQI1g+md0u/P2NS8SR+1POUeREZxzzklGgz8u26K5Kxn2OnyF1KBOoUvt1wms5KaBNwCQ0o1fXtT3eU0CxisaaCKDXETqq9nEjNqWBFzc0USwmdkjEbGoxJxJSXr1Yv0GWYSKQnDK3ev7M5iZSaR4HJRERP1Lq3HP7nDTMd3no5j9NMs5iaiPHCTCCdoGUDaMQlo1rMDRAqudkS0QmRhGrTU82cj9eP3YT+dRO3mhg/tBrtTtlEFc7hAq4Aww204R660AMKz/AKC3i3ZtaL9WYtfqIVq/xzBn9kfXwDCZKRXw==</latexit>

log10 B

<latexit sha1_base64="RrJvLKbZIr3b46OPhpfIdqcOw4A=">AAAB+3icbVC7TsMwFHXKq5RXgIGBxaJCYqpsVAkmVJWFsUiUVmqiyHGd1qoTR7aDVIX8DGyojPwFP8Df4JYM0HKmc+85V7rnhKng2iD05VTW1jc2t6rbtZ3dvf0D9/DoUctMUdalUkjVD4lmgiesa7gRrJ8qRuJQsF44uZ3rvSemNJfJg5mmzI/JKOERp8TYVeCeeEKOghyjIvcoEbBdwBuIEQrcOmqgBeAqwSWpgxKdwP30hpJmMUsMFUTrAUap8XOiDKeCFTUv0ywldEJGbGBpQmKm/XwRoIDnkVTQjBlczL+9OYm1nsah9cTEjPWyNl/+pw0yE137OU/SzLCEWovVokxAI+G8BzjkilEjppYQqrj9EtIxUYQa21bNxsfLYVdJ77KBmw2M75v1VrtsogpOwRm4ABhcgRa4Ax3QBRQU4BXMwLvz7Lw4b87sx1pxyptj8AfOxzel5ZKq</latexit>

log10 B > 100 injections have
<latexit sha1_base64="h/02on2HkGZJxk1GxKM6OZmnULY=">AAAB7nicbZDNTgIxFIXv+Iv4h7p000hMXJEZQqIrQ3TjyuAPQsJMSKdcoKGdmbQdEzLhMXRncOnD+AK+jQVnoeBZfb3nNLnnhong2rjul7Oyura+sVnYKm7v7O7tlw4On3ScKoZNFotYtUOqUfAIm4Ybge1EIZWhwFY4up75rWdUmsfRoxknGEg6iHifM2rsyM98JcnD7f3ksup2S2W34s5FlsHLoQy5Gt3Sp9+LWSoxMkxQrTuem5ggo8pwJnBS9FONCWUjOsCOxYhK1EE233lCTvuxImaIZP7+nc2o1HosQ5uR1Az1ojcb/ud1UtO/CDIeJanBiNmI9fqpICYms+qkxxUyI8YWKFPcbknYkCrKjD1Q0db3FssuQ6ta8WoVz7urletX+SUKcAwncAYenEMdbqABTWCQwCtM4d2JnRfnzZn+RFec/M8R/JHz8Q0/Go6m</latexit>

SNR > 20

Conservative estimate of the potential 
detectability of a fast-rotating CCSN 
signal based only on observed data.

43% of master waveform injections 
46% of individual Richers waveform injections

Pastor-Marcos+ (2021)

http://www.uv.es/virgogroup


PE in rapidly rotating CCSN - results

Pastor-Marcos+ (2021)

Master waveform injections.

Median of inferred posteriors vs true value of injected waveforms.

<latexit sha1_base64="RrJvLKbZIr3b46OPhpfIdqcOw4A=">AAAB+3icbVC7TsMwFHXKq5RXgIGBxaJCYqpsVAkmVJWFsUiUVmqiyHGd1qoTR7aDVIX8DGyojPwFP8Df4JYM0HKmc+85V7rnhKng2iD05VTW1jc2t6rbtZ3dvf0D9/DoUctMUdalUkjVD4lmgiesa7gRrJ8qRuJQsF44uZ3rvSemNJfJg5mmzI/JKOERp8TYVeCeeEKOghyjIvcoEbBdwBuIEQrcOmqgBeAqwSWpgxKdwP30hpJmMUsMFUTrAUap8XOiDKeCFTUv0ywldEJGbGBpQmKm/XwRoIDnkVTQjBlczL+9OYm1nsah9cTEjPWyNl/+pw0yE137OU/SzLCEWovVokxAI+G8BzjkilEjppYQqrj9EtIxUYQa21bNxsfLYVdJ77KBmw2M75v1VrtsogpOwRm4ABhcgRa4Ax3QBRQU4BXMwLvz7Lw4b87sx1pxyptj8AfOxzel5ZKq</latexit>

log10 B > 100

<latexit sha1_base64="Gq7OtD3/pHEGZ8IKgNGBTS0STg4=">AAAB+3icbVC7TsNAEFzzDOFloKCgOREhUUU+FAQFRRQayiAREim2rPPlnJxyfujujBQZ/wx0KJT8BT/A33AJLiBhqtmdWWlnglRwpR3ny1pZXVvf2KxsVbd3dvf27YPDR5VkkrIOTUQiewFRTPCYdTTXgvVSyUgUCNYNxrczvfvEpOJJ/KAnKfMiMox5yCnRZuXbx65Ihn6OnSJ3KRGoVaAb5NQvfbvm1J050DLBJalBibZvf7qDhGYRizUVRKk+dlLt5URqTgUrqm6mWEromAxZ39CYREx5+TxAgc7CRCI9Ymg+//bmJFJqEgXGExE9UovabPmf1s90eO3lPE4zzWJqLEYLM4F0gmY9oAGXjGoxMYRQyc2XiI6IJFSbtqomPl4Mu0y6F3XcqGN836g1W2UTFTiBUzgHDFfQhDtoQwcoFPAKU3i3nq0X682a/lhXrPLmCP7A+vgGpdmSqg==</latexit>

log10 B < 0.5

red

grey

Relative differences:
<1.6%
<10%

<latexit sha1_base64="3kqPIgmXrrP1dMv0r0gNN0rUrOg=">AAAB7nicbZDNTgIxFIXv4B/iH+rSTSMxcUVmDIkuiW5cYiJCwhDSKXegoZ1O2o4JmfAYujO49GF8Ad/GgrNQ8Ky+3nOa3HOjVHBjff/LK21sbm3vlHcre/sHh0fV45MnozLNsM2UULobUYOCJ9i23ArsphqpjAR2osndwu88ozZcJY92mmJf0lHCY86odaMwHuShliRFOpkNqjW/7i9F1iEooAaFWoPqZzhULJOYWCaoMb3AT20/p9pyJnBWCTODKWUTOsKew4RKNP18ufOMXMRKEztGsnz/zuZUGjOVkctIasdm1VsM//N6mY1v+jlP0sxiwlzEeXEmiFVkUZ0MuUZmxdQBZZq7LQkbU02ZdQequPrBatl16FzVg0Y9CB4ateZtcYkynME5XEIA19CEe2hBGxik8ApzePeU9+K9efOfaMkr/pzCH3kf33x5j3k=</latexit>

fpeak
<latexit sha1_base64="+bX3jRtKrnrOMus/lH/HUjXuP3w=">AAACCHicbVDNTgIxGOziH+If6tFLI5qYmJBdQqJHohw8YiJCwiLplg+2ofuT9lsTsuEB9GX0ZvDo2RfwbSy4BwXnNJ2Zpp3xYik02vaXlVtZXVvfyG8WtrZ3dveK+wf3OkoUhyaPZKTaHtMgRQhNFCihHStggSeh5Y2uZ37rEZQWUXiH4xi6ARuGYiA4QyP1iid1l/cjpG4dJDLq985pJmgRPlRc9AFZr1iyy/YcdJk4GSmRDI1e8dPtRzwJIEQumdYdx46xmzKFgkuYFNxEQ8z4iA2hY2jIAtDddN5mQk8HkaLmXTo//86mLNB6HHgmEzD09aI3E//zOgkOLrupCOMEIeQmYrxBIilGdDYK7QsFHOXYEMaVML+k3GeKcTTTFUx9Z7HsMmlVyk617Di31VLtKlsiT47IMTkjDrkgNXJDGqRJOHkmr2RK3q0n68V6s6Y/0ZyV3Tkkf2B9fAMZSpiR</latexit>

D ·�h+ · sin2 ✓

http://www.uv.es/virgogroup


PE in rapidly rotating CCSN - results

Pastor-Marcos+ (2021)

Random waveform injections                                     
(master waveform does not perfectly match individual signals)

Larger dispersion of inferred values.

http://www.uv.es/virgogroup


Conclusions

• Inference of PNS properties using gravitational waveforms from CCSN may be 
possible in the future, following a successful detection.  

• Illustrated with two specific cases: 
- Generic case (non-rotating CCSN, most common events) 
- Fast-rotating case (rare events) 

• For generic CCSN, method based on the existence of quasi-universal relations 
between the frequency of oscillation of specific PNS modes and combinations of 
PNS parameters (mass and radius) and shock radius. Asteroseismology of PNS. 

• For fast-rotating CCSN, a master waveform template can be built for the early 
bounce phase. Allows performing Bayesian inference on peak frequency and signal 
amplitude. 

• Next steps: 

- Consider other PNS oscillation modes to disentangle properties (mass, radius). 
- Improve the mode analysis framework by considering 3D effects and rotation. 
- Employ different sets of waveforms for rapidly-rotating progenitors.

http://www.uv.es/virgogroup

