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 Motivation
Hours after the collapse of the core shock breaks through stellar surface. Supernova 
explosion is then seen as an EM phenomenon (light curve).

Light curve is an “echo” of supernova driving engine. Yields indirect information about 
core collapse.

Two complementary methods to look at the “heart” of the supernova: 
• Neutrinos: seconds after collapse. Tradeoff: flux decays with square of distance. 

Only for Galactic CCSN. 

• Gravitational waves: decouple from matter directly after generation. In sync with 
core collapse. Advantage: amplitude decays linearly with distance. Extragalactic 
CCSN may be detectable in the future. 

Difficulties: 

• despite a CCSN is a very energetic event (Ebin~1053 erg) the deformation of 
spacetime and the GW amplitude is fairly small (EGW < 10-6 Ebin). Limits realistic 
detectability prospects to Galactic CCSN. 

• GW signals from CCSN are quite complex (unmodelled, stochastic component). NR 
simulations badly needed.
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 Motivation
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 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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 LVK searches of GW from CCSN

A First Targeted Search for Gravitational-Wave Bursts from Core-Collapse Supernovae in 
Data of First-Generation Laser Interferometer Detectors Phys. Rev. D 94, 102001 (2016)

GW searches from CCSN always regarded as an essential activity in the LVK physics 
program.

First searches initiated in 2016 with Initial LIGO and Initial Virgo detectors (and GEO600).

No GW were found, Upper limits on the amount of GW energy that could have been emitted 
by the two supernovae computed (~10-1 Mc2 at low frequencies to ~10 Mc2 above 1 kHz).

Initial searches could not constrain or exclude any of the CCSN models considered.

Three families of artificial GW waveforms injected into the data: 
• fully (2D & 3D) numerical simulations of CCSN events (stochastic waveforms) 
• Waveforms from semi-analytical calculations for models of extreme CCSN emission 

(known shape; bar-mode deformation, torus fragmentation instability) 
• Phenomenological sine-gaussian waveforms (to probe specific combinations of signal 

frequency and time intervals; allows to compute upper limits on GW energy).

GW data coincident with 2 CCSN observed optically in 2007 and 2011 (within 15 Mpc).
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 LVK searches of GW from CCSN

Some popular LVK CCSN search pipelines:

Searches not based on matched filtering (as CCSN are unmodelled GW sources)

Coherent Wave Burst (cWB)

X-pipeline
gwburst.gitlab.io

Typical ingredients of an unmodelled search pipeline: 

1. Cross-correlation of data from pairs of detectors. 
2. Excess power analysis, usually coherent combinations of data from several GW detectors. 
3. Look for a signal in the sensitive band (~20 – 2000 Hz) with duration from ~1 ms to ~1 s.
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 O3 searches of GW from CCSN

Szczepanczyk et al, arXiv: 2305.16146

Search for GW transients associated with 8 CCSN observed optically within 30 Mpc during O3 

No GW association identified (not unexpected).

Analysis on detection efficiency for a variety of possible GW emission mechanisms in CCSN: 
neutrino-driven, magneto-rotational, BH formation, QCD phase transitions, extreme models 
(long-lasting bars). 
New upper limits on distance reach of searches, GW energy and luminosity, and PNS 
ellipticity.
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PNS asteroseismology
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3982 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)

 Gravitational waves from PNS oscillations
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 PNS oscillations
Linear perturbations of a spherical background yields an eigenvalue problem.
Simplified background (TOV models): 

Reisenegger & Goldreich 1992, Ferrari et al 2003, 2004, Passamonti et al 2005, Krüger et 
al 2015, Camelio et al 2017, Sotani et al 2017, … 

Dynamical background from numerical simulations of CCSN: 
Torres-Forné et al 2018, 2019a,b, Morozova et al 2018, Radice et al 2019, Sotani et al 
2019a,b, Westernacher-Schneider 2019, Mori et al 2023, Wolfe et al 2023 …

Our numerical code “GREAT” (General Relativistic Eigenmode Analysis Tool) 
www.uv.es/cerdupa/codes/GREAT

Torres-Forné et al 2018, 2019a,b 
• Background from simulations 
• GR formalism including space-time perturbations (lapse and conformal factor) 
• Global treatment (PNS + shock)

GREAT currently  being upgraded to incorporate new solvers (spectral methods and PINNs) 
and advection terms (accreting background, relevant for p-modes and SASI). 

Future extensions to account for rotating stars (rotation correction to g/f/p-mode frequencies).
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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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The time-frequency relations (fits) of excited PNS modes 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.

• 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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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.

 Quasi-universal relations - 3D models by Powell
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Detection prospects and inferences
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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
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Discretized ratio parametrized with cubic 
polynomial regression

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.

 Inference: method
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<latexit sha1_base64="AAbmcDQmvRPDg0KATGJvnwbNFOM=">AAAB5nicdVDLSsNAFL2pr1pfVZduBotQNyGJoa27ohuXFawttKFMppNm6OTBzEQooZ+gO6lLP8gf8G+c1AoqelbnnnMu3HP9lDOpLOvdKK2tb2xulbcrO7t7+wfVw6N7mWSC0C5JeCL6PpaUs5h2FVOc9lNBceRz2vOn14Xfe6BCsiS+U7OUehGexCxgBKtCEnV1PqrWLPOy1XDcBrJMy2rajl0Qp+leuMjWSoEarNAZVd+G44RkEY0V4VjKgW2lysuxUIxwOq8MM0lTTKZ4Qgeaxjii0suXt87RWZAIpEKKlvP3bI4jKWeRrzMRVqH87RXiX94gU0HLy1mcZorGREe0F2QcqQQVldGYCUoUn2mCiWD6SkRCLDBR+jEVXf+rI/qf9BzTdk3bvnVr7avVJ8pwAqdQBxua0IYb6EAXCITwBAt4MSbGo/FsLD6jJWO1cww/YLx+AFxti+k=</latexit>

r(t)Step 2 of the method: Use 2D simulations (test set) for which       is known to 
validate model and provide detectability estimates.

 Inference: method
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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
<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

95% CI

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

Vary distance and compare reconstructed ratio to true 
ratio, using coverage (fraction of values within 95% CI) 
and  relative error

<latexit sha1_base64="G42rhiYYO7ZoiKI/vT/UlBLl8yU=">AAAB6HicbZDLTgJBEEVr8IX4Ql266UhMXJEZQ6JLoi5cYiKPBCakp6mBlp5HumtMCOEbdGdw6ff4A/6NDc5C0bs6Xfd2UreCVElDrvvpFNbWNza3itulnd29/YPy4VHLJJkW2BSJSnQn4AaVjLFJkhR2Uo08ChS2g/HNwm8/oTYyiR9okqIf8WEsQyk42VGrd4uKeL9ccavuUuwveDlUIFejX/7oDRKRRRiTUNyYruem5E+5JikUzkq9zGDKxZgPsWsx5hEaf7rcdsbOwkQzGiFbvn9mpzwyZhIFNhNxGplVbzH8z+tmFF75UxmnGWEsbMR6YaYYJWxRmg2kRkFqYoELLe2WTIy45oLsaUq2vrda9i+0L6perep597VK/Tq/RBFO4BTOwYNLqMMdNKAJAh7hBebw5kjn2Xl15t/RgpP/OYZfct6/AOAxjMo=</latexit>

�

<latexit sha1_base64="I6fNNy7F9R1FnKn8d97boRzCuwU=">AAACG3icbZDLSsNAFIYn9VbrLerSTbAIbiyJFOpGKOrClVSwttC0YTI9aYdOLsxMhJLmTfRldCd16cK3cRKz0NYDw3xz/v/AnN+NGBXSNL+00srq2vpGebOytb2zu6fvHzyKMOYE2iRkIe+6WACjAbQllQy6EQfsuww67uQ60ztPwAUNgwc5jaDv41FAPUqwVC1Hb9g3wCS+tD2OSWKlyV1qi9h3FA4yztsz7tAzdQbmLE3yO3X0qlkz8zKWwSqgiopqOfrcHoYk9iGQhGEhepYZyX6CuaSEQVqxYwERJhM8gp7CAPsg+km+YGqceCE35BiM/P3bm2BfiKnvKo+P5VgsalnzP60XS++in9AgiiUERFmU5sXMkKGR5WQMKQci2VQBJpyqXxpkjFUaUqVZUetbi8suQ+e8ZtVrlnVfrzaviiTK6Agdo1NkoQZqolvUQm1E0At6Q3P0oT1rr9q7Nv+xlrRi5hD9Ke3zG6fnoj0=</latexit>

� =
1

N

NX

1

|ri � r0i |
r0i

• Source optimally oriented wrt detector 
• Assume CCSN GW signal has been identified in the data

Bizouard+ 2021
<latexit sha1_base64="GqIUk25fV5xm3RmxL4pWmgbKAT8=">AAAB7XicbZDNTgIxFIU7+If4h7p000hIXJEZQqILF0RduMREhGRmQjrlDjR02knbMSET3kJ3Bpe+jC/g21hwFgqe1dd7TpN7bpRypo3rfjmljc2t7Z3ybmVv/+DwqHp88qRlpih0qeRS9SOigTMBXcMMh36qgCQRh140uV34vWdQmknxaKYphAkZCRYzSowd+cEdcEOum25QH1RrbsNdCq+DV0ANFeoMqp/BUNIsAWEoJ1r7npuaMCfKMMphVgkyDSmhEzIC36IgCegwX648w/VYKmzGgJfv39mcJFpPk8hmEmLGetVbDP/z/MzEV2HORJoZENRGrBdnHBuJF83xkCmghk8tEKqY3RLTMVGEGnufiq3vrZZdh16z4bUanvfQqrVvikuU0Rk6RxfIQ5eoje5RB3URRRK9ojl6d4Tz4rw5859oySn+nKI/cj6+AVQAjhs=</latexit>

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

 Detectability prospects: s20S waveform
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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
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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] 

<latexit sha1_base64="U3fMcDC8law8bI40Hpvst4Gzaec=">AAACCXicbVDLSsNAFJ34rPUVdelmsBRclaQUdCMU3bhR6qO20MQymU7aoTNJmJkIZcgP6M/oTurSrT/g3zitAbX1rM6951y45wQJo1I5zqe1sLi0vLJaWCuub2xubds7u3cyTgUmTRyzWLQDJAmjEWkqqhhpJ4IgHjDSCoZnE731QISkcXSrRgnxOepHNKQYKbPq2mVxor1QIKwvutoTHDYub7JMX/8M99Us69olp+JMAeeJm5MSyNHo2h9eL8YpJ5HCDEnZcZ1E+RoJRTEjWdFLJUkQHqI+6RgaIU6kr6dxMlgOYwHVgMDp/NurEZdyxAPj4UgN5Kw2Wf6ndVIVHvuaRkmqSISNxWhhyqCK4aQV2KOCYMVGhiAsqPkS4gEytSjTXdHEd2fDzpNWteLWKq57VSvVT/MmCmAfHIBD4IIjUAfnoAGaAIMn8ALG4M16tJ6tV2v8bV2w8ps98AfW+xdiAZnv</latexit>

r =
MPNS

R2
PNS

Cosmic Explorer and Einstein Telescope: 
• Ratio reconstructed up to distance 100-700 kpc. 

Bizouard+ 2021

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

 Detectability prospects: 2G and 3G detectors
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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+ 2023)

 Multi-detector coherent analysis

Location and orientation of ET and CE not yet known. For simplicity we locate ET at the 
location of the Virgo detector with arbitrary orientation. The two CE sites are set according to 
Borhanian (2021), where a 40 km detector is located in Idaho and a 20 km one in New 
Mexico.
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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+ 2023

 Multi-detector coherent analysis
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For a fixed source location (Sagittarius constellation) we vary the distance.
Bruel+ 2023

 Performance - coverage evolution (2G detectors)

Solid lines: HLVKA network. Dashed lines: HL network

2G detectors at their design sensitivities able to measure                    of a Galactic CCSN for 
most of the progenitors considered in Bruel+ (2023). 

<latexit sha1_base64="U3fMcDC8law8bI40Hpvst4Gzaec=">AAACCXicbVDLSsNAFJ34rPUVdelmsBRclaQUdCMU3bhR6qO20MQymU7aoTNJmJkIZcgP6M/oTurSrT/g3zitAbX1rM6951y45wQJo1I5zqe1sLi0vLJaWCuub2xubds7u3cyTgUmTRyzWLQDJAmjEWkqqhhpJ4IgHjDSCoZnE731QISkcXSrRgnxOepHNKQYKbPq2mVxor1QIKwvutoTHDYub7JMX/8M99Us69olp+JMAeeJm5MSyNHo2h9eL8YpJ5HCDEnZcZ1E+RoJRTEjWdFLJUkQHqI+6RgaIU6kr6dxMlgOYwHVgMDp/NurEZdyxAPj4UgN5Kw2Wf6ndVIVHvuaRkmqSISNxWhhyqCK4aQV2KOCYMVGhiAsqPkS4gEytSjTXdHEd2fDzpNWteLWKq57VSvVT/MmCmAfHIBD4IIjUAfnoAGaAIMn8ALG4M16tJ6tV2v8bV2w8ps98AfW+xdiAZnv</latexit>

r =
MPNS

R2
PNS
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For a fixed source location (Andromeda) we vary the distance.
Bruel+ 2023

 Performance - coverage evolution (3G detectors)

Solid lines: ET + CE20 + CE40 network.

A global network of the three third-generation detectors (CE20-CE40-ET) increases the 
distance reach to several hundred kpc from Earth.
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CCSN in nearby galaxies: Fraction of the coverage larger than 0.8 for arrival times of the GW 
spanning over a 24-hour period.  Data correspond to s20 waveform.

 Performance - 3G detectors

Bruel+ 2023
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Rapidly rotating progenitors
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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  

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

�h+
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fpeak
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�h+ / T

|W |
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fpeak / 1p
⇢̄c
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Q: What can we learn from performing PE on            and            ? 

A: We can estimate the source parameters:       and   
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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 phase as much as possible.

Pastor-Marcos+ (2024)

<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
+
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 Inference with rapidly rotating CCSN

http://www.uv.es/virgogroup


Waveform model depends on three parameters: 

Perform four 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 the three parameters is performed, assuming 
source location in the sky,  source distance, and time of bounce known.

• 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  
• Random waveform injections from 12 additional signals from CCSN simulations 

<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
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<latexit sha1_base64="mFgsKg183hLdWHvKCN/3QrNkaGA="></latexit>

⇥ = {D ·�h · sin2 ✓, fpeak, }

 Inference with rapidly rotating CCSN

http://www.uv.es/virgogroup


For signal injections:

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

log10 B / 1

D2

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

log10 B ⇡ 0

In general, signals with 
are above the noise (99% CI) 
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Pastor-Marcos+ (2024)

 Inference with rapidly rotating CCSN

<latexit sha1_base64="VNSRrD4sR85jNpomyPpW7GDJ3T8=">AAAB6XicbZDLTgJBEEVr8IX4Ql266UhMXJEZ42tJcOMSExESmJCepoAOPY9015iQCR+hK6Pu/B1/wL+xwVkoeFen695O6laQKGnIdb+cwsrq2vpGcbO0tb2zu1feP3gwcaoFNkWsYt0OuEElI2ySJIXtRCMPA4WtYHwz81uPqI2Mo3uaJOiHfBjJgRSc7KiddQVXrD7tlStu1Z2LLYOXQwVyNXrlz24/FmmIEQnFjel4bkJ+xjVJoXBa6qYGEy7GfIgdixEP0fjZfN8pOxnEmtEI2fz9O5vx0JhJGNhMyGlkFr3Z8D+vk9Lg2s9klKSEkbAR6w1SxShms9qsLzUKUhMLXGhpt2RixDUXZI9TsvW9xbLL8HBW9S6rF3fnlVo9P0QRjuAYTsGDK6jBLTSgCQIUPMMbvDtj58l5cV5/ogUn/3MIf+R8fAOL4o1P</latexit>

B

<latexit sha1_base64="VNSRrD4sR85jNpomyPpW7GDJ3T8=">AAAB6XicbZDLTgJBEEVr8IX4Ql266UhMXJEZ42tJcOMSExESmJCepoAOPY9015iQCR+hK6Pu/B1/wL+xwVkoeFen695O6laQKGnIdb+cwsrq2vpGcbO0tb2zu1feP3gwcaoFNkWsYt0OuEElI2ySJIXtRCMPA4WtYHwz81uPqI2Mo3uaJOiHfBjJgRSc7KiddQVXrD7tlStu1Z2LLYOXQwVyNXrlz24/FmmIEQnFjel4bkJ+xjVJoXBa6qYGEy7GfIgdixEP0fjZfN8pOxnEmtEI2fz9O5vx0JhJGNhMyGlkFr3Z8D+vk9Lg2s9klKSEkbAR6w1SxShms9qsLzUKUhMLXGhpt2RixDUXZI9TsvW9xbLL8HBW9S6rF3fnlVo9P0QRjuAYTsGDK6jBLTSgCQIUPMMbvDtj58l5cV5/ogUn/3MIf+R8fAOL4o1P</latexit>

B

<latexit sha1_base64="R2fHrQPZbvO5bT0gjklT/LBvttI=">AAAB7XicbZDLSsNAFIZP6q3WW9Wlm8EiuCqJeNsIpW5cVrAXaEKZTE/boZNMmJkIJfQxdCXqzpfxBXwbpzULbf1X35z/Hzj/CRPBtXHdL6ewsrq2vlHcLG1t7+zulfcPWlqmimGTSSFVJ6QaBY+xabgR2EkU0igU2A7HtzO//YhKcxk/mEmCQUSHMR9wRo0d+ZnPqCD16Y3nur1yxa26c5Fl8HKoQK5Gr/zp9yVLI4wNE1TrrucmJsioMpwJnJb8VGNC2ZgOsWsxphHqIJvvPCUnA6mIGSGZv39nMxppPYlCm4moGelFbzb8z+umZnAdZDxOUoMxsxHrDVJBjCSz6qTPFTIjJhYoU9xuSdiIKsqMPVDJ1vcWyy5D66zqXVYv7s8rtXp+iCIcwTGcggdXUIM7aEATGCTwDG/w7kjnyXlxXn+iBSf/cwh/5Hx8A2ABjkU=</latexit>

B = 100

<latexit sha1_base64="IhDKN1jUWrxMv1ABn6fyNoNFC3g=">AAAB7XicbZDLSsNAFIZP6q3WW9Wlm8EiuAqJWHUlpW5cVrAXaEKZTE/aoZMLMxOhhD6GrkTd+TK+gG/jtGah1X/1zfn/gfOfIBVcacf5tEorq2vrG+XNytb2zu5edf+go5JMMmyzRCSyF1CFgsfY1lwL7KUSaRQI7AaTm7nffUCpeBLf62mKfkRHMQ85o9qMvNxjVJDm7Nqx64NqzbGdhchfcAuoQaHWoPrhDROWRRhrJqhSfddJtZ9TqTkTOKt4mcKUsgkdYd9gTCNUfr7YeUZOwkQSPUayeP/M5jRSahoFJhNRPVbL3nz4n9fPdHjl5zxOM40xMxHjhZkgOiHz6mTIJTItpgYok9xsSdiYSsq0OVDF1HeXy/6FzpntXtj1u/Nao1kcogxHcAyn4MIlNOAWWtAGBik8wSu8WYn1aD1bL9/RklX8OYRfst6/AGR6jkg=</latexit>

B > 0.5

Bayes factor: ratio of two competing 
statistical models represented by their 
evidence. Quantifies the support for one 
model (signal) over the other (noise).

http://www.uv.es/virgogroup


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

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.

44% of master waveform injections 
48% of individual Richers waveform injections 
32% of signals from different CCSN simulations
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Pastor-Marcos+ (2024)

 Inference with rapidly rotating CCSN

<latexit sha1_base64="R2fHrQPZbvO5bT0gjklT/LBvttI=">AAAB7XicbZDLSsNAFIZP6q3WW9Wlm8EiuCqJeNsIpW5cVrAXaEKZTE/boZNMmJkIJfQxdCXqzpfxBXwbpzULbf1X35z/Hzj/CRPBtXHdL6ewsrq2vlHcLG1t7+zulfcPWlqmimGTSSFVJ6QaBY+xabgR2EkU0igU2A7HtzO//YhKcxk/mEmCQUSHMR9wRo0d+ZnPqCD16Y3nur1yxa26c5Fl8HKoQK5Gr/zp9yVLI4wNE1TrrucmJsioMpwJnJb8VGNC2ZgOsWsxphHqIJvvPCUnA6mIGSGZv39nMxppPYlCm4moGelFbzb8z+umZnAdZDxOUoMxsxHrDVJBjCSz6qTPFTIjJhYoU9xuSdiIKsqMPVDJ1vcWyy5D66zqXVYv7s8rtXp+iCIcwTGcggdXUIM7aEATGCTwDG/w7kjnyXlxXn+iBSf/cwh/5Hx8A2ABjkU=</latexit>

B = 100
<latexit sha1_base64="VNSRrD4sR85jNpomyPpW7GDJ3T8=">AAAB6XicbZDLTgJBEEVr8IX4Ql266UhMXJEZ42tJcOMSExESmJCepoAOPY9015iQCR+hK6Pu/B1/wL+xwVkoeFen695O6laQKGnIdb+cwsrq2vpGcbO0tb2zu1feP3gwcaoFNkWsYt0OuEElI2ySJIXtRCMPA4WtYHwz81uPqI2Mo3uaJOiHfBjJgRSc7KiddQVXrD7tlStu1Z2LLYOXQwVyNXrlz24/FmmIEQnFjel4bkJ+xjVJoXBa6qYGEy7GfIgdixEP0fjZfN8pOxnEmtEI2fz9O5vx0JhJGNhMyGlkFr3Z8D+vk9Lg2s9klKSEkbAR6w1SxShms9qsLzUKUhMLXGhpt2RixDUXZI9TsvW9xbLL8HBW9S6rF3fnlVo9P0QRjuAYTsGDK6jBLTSgCQIUPMMbvDtj58l5cV5/ogUn/3MIf+R8fAOL4o1P</latexit>

B

<latexit sha1_base64="1nMVX4FlSHSjZsQszHyKa8caWVM=">AAAB7XicbZDLSsNAFIZP6q3WW9Wlm8EiuCqJeFtJqRuXFewFmlAm09N26CQTZiZCCX0MXYm682V8Ad/Gac1CW//VN+f/B85/wkRwbVz3yymsrK6tbxQ3S1vbO7t75f2DlpapYthkUkjVCalGwWNsGm4EdhKFNAoFtsPx7cxvP6LSXMYPZpJgENFhzAecUWNHfuYzKkh9euO5bq9ccavuXGQZvBwqkKvRK3/6fcnSCGPDBNW667mJCTKqDGcCpyU/1ZhQNqZD7FqMaYQ6yOY7T8nJQCpiRkjm79/ZjEZaT6LQZiJqRnrRmw3/87qpGVwHGY+T1GDMbMR6g1QQI8msOulzhcyIiQXKFLdbEjaiijJjD1Sy9b3FssvQOqt6l9WL+/NKrZ4foghHcAyn4MEV1OAOGtAEBgk8wxu8O9J5cl6c159owcn/HMIfOR/fYYKORg==</latexit>

B > 100

http://www.uv.es/virgogroup


Master waveform injections.
Median of inferred posteriors vs true value of injected waveforms.

red

grey

Relative differences:
<2.3%

<14%

<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 ✓
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<latexit sha1_base64="tSYAg35XjB/t+EVbw9xXU9KapnE=">AAAB5XicbZDLSsNAFIZP6q3WW9Wlm8EiuCqJeFsW3bisYC/QhjKZnjRDJxdmJkIIfQRdibrzhXwB38ZJzUJb/9U35/8Hzn+8RHClbfvLqqysrq1vVDdrW9s7u3v1/YOuilPJsMNiEcu+RxUKHmFHcy2wn0ikoSew501vC7/3iFLxOHrQWYJuSCcR9zmjuhgNE8VH9YbdtOciy+CU0IBS7VH9cziOWRpipJmgSg0cO9FuTqXmTOCsNkwVJpRN6QQHBiMaonLz+a4zcuLHkugAyfz9O5vTUKks9EwmpDpQi14x/M8bpNq/dnMeJanGiJmI8fxUEB2TojIZc4lMi8wAZZKbLQkLqKRMm8PUTH1nsewydM+azmXz4v680bopD1GFIziGU3DgClpwB23oAIMAnuEN3q2J9WS9WK8/0YpV/jmEP7I+vgEVTYvp</latexit>

 <7%
Pastor-Marcos+ (2024)

 Inference with rapidly rotating CCSN

<latexit sha1_base64="1nMVX4FlSHSjZsQszHyKa8caWVM=">AAAB7XicbZDLSsNAFIZP6q3WW9Wlm8EiuCqJeFtJqRuXFewFmlAm09N26CQTZiZCCX0MXYm682V8Ad/Gac1CW//VN+f/B85/wkRwbVz3yymsrK6tbxQ3S1vbO7t75f2DlpapYthkUkjVCalGwWNsGm4EdhKFNAoFtsPx7cxvP6LSXMYPZpJgENFhzAecUWNHfuYzKkh9euO5bq9ccavuXGQZvBwqkKvRK3/6fcnSCGPDBNW667mJCTKqDGcCpyU/1ZhQNqZD7FqMaYQ6yOY7T8nJQCpiRkjm79/ZjEZaT6LQZiJqRnrRmw3/87qpGVwHGY+T1GDMbMR6g1QQI8msOulzhcyIiQXKFLdbEjaiijJjD1Sy9b3FssvQOqt6l9WL+/NKrZ4foghHcAyn4MEV1OAOGtAEBgk8wxu8O9J5cl6c159owcn/HMIfOR/fYYKORg==</latexit>

B > 100
<latexit sha1_base64="7VoJh3Z1R393uVfR+24he1bGfCo=">AAAB7XicbZC7TsMwFIZPyq2UW4GRxaJCYooSRIGBoSoLY5HoRWqiynFPWqvORbaDVEV9DJgQsPEyvABvg1syQOGfPp//t3T+E6SCK+04n1ZpZXVtfaO8Wdna3tndq+4fdFSSSYZtlohE9gKqUPAY25prgb1UIo0Cgd1gcjP3uw8oFU/iez1N0Y/oKOYhZ1SbkZd7jArSnF07dn1QrTm2sxD5C24BNSjUGlQ/vGHCsghjzQRVqu86qfZzKjVnAmcVL1OYUjahI+wbjGmEys8XO8/ISZhIosdIFu+f2ZxGSk2jwGQiqsdq2ZsP//P6mQ6v/JzHaaYxZiZivDATRCdkXp0MuUSmxdQAZZKbLQkbU0mZNgeqmPructm/0Dmz3Qu7fndeazSLQ5ThCI7hFFy4hAbcQgvawCCFJ3iFNyuxHq1n6+U7WrKKP4fwS9b7F2F4jkY=</latexit>

B < 0.5

<latexit sha1_base64="VNSRrD4sR85jNpomyPpW7GDJ3T8=">AAAB6XicbZDLTgJBEEVr8IX4Ql266UhMXJEZ42tJcOMSExESmJCepoAOPY9015iQCR+hK6Pu/B1/wL+xwVkoeFen695O6laQKGnIdb+cwsrq2vpGcbO0tb2zu1feP3gwcaoFNkWsYt0OuEElI2ySJIXtRCMPA4WtYHwz81uPqI2Mo3uaJOiHfBjJgRSc7KiddQVXrD7tlStu1Z2LLYOXQwVyNXrlz24/FmmIEQnFjel4bkJ+xjVJoXBa6qYGEy7GfIgdixEP0fjZfN8pOxnEmtEI2fz9O5vx0JhJGNhMyGlkFr3Z8D+vk9Lg2s9klKSEkbAR6w1SxShms9qsLzUKUhMLXGhpt2RixDUXZI9TsvW9xbLL8HBW9S6rF3fnlVo9P0QRjuAYTsGDK6jBLTSgCQIUPMMbvDtj58l5cV5/ogUn/3MIf+R8fAOL4o1P</latexit>

B

http://www.uv.es/virgogroup


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

Larger dispersion of inferred values.
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Pastor-Marcos+ (2024)

 Inference with rapidly rotating CCSN

<latexit sha1_base64="VNSRrD4sR85jNpomyPpW7GDJ3T8=">AAAB6XicbZDLTgJBEEVr8IX4Ql266UhMXJEZ42tJcOMSExESmJCepoAOPY9015iQCR+hK6Pu/B1/wL+xwVkoeFen695O6laQKGnIdb+cwsrq2vpGcbO0tb2zu1feP3gwcaoFNkWsYt0OuEElI2ySJIXtRCMPA4WtYHwz81uPqI2Mo3uaJOiHfBjJgRSc7KiddQVXrD7tlStu1Z2LLYOXQwVyNXrlz24/FmmIEQnFjel4bkJ+xjVJoXBa6qYGEy7GfIgdixEP0fjZfN8pOxnEmtEI2fz9O5vx0JhJGNhMyGlkFr3Z8D+vk9Lg2s9klKSEkbAR6w1SxShms9qsLzUKUhMLXGhpt2RixDUXZI9TsvW9xbLL8HBW9S6rF3fnlVo9P0QRjuAYTsGDK6jBLTSgCQIUPMMbvDtj58l5cV5/ogUn/3MIf+R8fAOL4o1P</latexit>

B

http://www.uv.es/virgogroup


Random waveform injections from different CCSN signals                           

Clear mismatches between inferred and true values.  

Underlying reason: post-bounce evolution of the 12 additional CCSN signals is more 
complex than those from Richers and cannot be modelled so faithfully by the master 
template waveform. Worst result for fpeak.
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Pastor-Marcos+ (2024)

 Inference with rapidly rotating CCSN

<latexit sha1_base64="VNSRrD4sR85jNpomyPpW7GDJ3T8=">AAAB6XicbZDLTgJBEEVr8IX4Ql266UhMXJEZ42tJcOMSExESmJCepoAOPY9015iQCR+hK6Pu/B1/wL+xwVkoeFen695O6laQKGnIdb+cwsrq2vpGcbO0tb2zu1feP3gwcaoFNkWsYt0OuEElI2ySJIXtRCMPA4WtYHwz81uPqI2Mo3uaJOiHfBjJgRSc7KiddQVXrD7tlStu1Z2LLYOXQwVyNXrlz24/FmmIEQnFjel4bkJ+xjVJoXBa6qYGEy7GfIgdixEP0fjZfN8pOxnEmtEI2fz9O5vx0JhJGNhMyGlkFr3Z8D+vk9Lg2s9klKSEkbAR6w1SxShms9qsLzUKUhMLXGhpt2RixDUXZI9TsvW9xbLL8HBW9S6rF3fnlVo9P0QRjuAYTsGDK6jBLTSgCQIUPMMbvDtj58l5cV5/ogUn/3MIf+R8fAOL4o1P</latexit>

B

http://www.uv.es/virgogroup


• CCSN are a prime source of gravitational waves.  

• GW searches from CCSN always regarded as an essential activity in the LVK 
physics program. 

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

• Illustrated with two particular 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.
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 Summary

http://www.uv.es/virgogroup

