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• Core bounces
• Formation of shock 
• Neutrinos become trapped 
• Photodissociation of heavy nuclei into nucleons
             Accretion shock at ~100-200km 

• Hot Proto-Compact Star in interior accreting material
• Neutrinos decouple from Neutrinosphere
• Transport energy into “hot bubble region
              Shock revival? 

• Late Proto-Compact Star fully transparent to 
neutrinos

Overview I: Core-Collapse Supernovae

4/3/2023

2



Gravitational Waves from Core-Collapse Supernovae

• CCSNe ~3 event per century in our Galaxy
• Observable distance ~10-20 kpc
• Time changing mass quadrupole moment 
• GWs provide access to compact inner core 

• Different regions susceptible to different mode 
oscillations (p-,g- f-modes)

• Positive entropy gradient: g-mode oscillations 
• Characteristic frequency of g-modes:

Brunt Väisälä frequency:

(Radice et al. 2019)
(Mezzacappa et al. 2020)

Radius of Proto-Compact Stars ~40km to ~10km
Mass accretion on PCS: ~1.4-2 

Powell, Mueller (2018) 

10 kpc

Stripy clouds



2D GW output for 15 solar mass progenitor 
Mueller et al. (2013)

PCS convection / SASI (2D)

SASI

Prompt convection

f/g mode

Electron antineutrino mean energy 

• Turbulent structure by convective downflows stronger in 
2D 

• Frequency spectrum of SASI narrower in 3D 
• Amplitudes in 2D overestimated (PCS amplitudes ~10x)

~100 Hz

Common features of the GW signal



(gwplotter.com)



(gwplotter.com)
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PCS evolution

1st order PT

PCS oscillations

(Zha et al., 2020)
(Morozova et al., 2018)

(Richers et al., 
2017)
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� Pressure
• Structure, core-bounce,...

� Entropy
•  neutrino energy

� Composition
• Weak interactions 

 

Lattimer, Swetsy: A generalized equation of state for hot, 
dense matter; 1991

1. Lattimer-Swetsy EoS (1991)
2. Shen EoS (1998)

EoS effects in CCSNe

Review: Equations of state for supernovae and compact stars (Oertel, 2017)

Shen, Toki, Oyamatsu & Sumiyoshi: Relativistic equation of state 
of nuclear matter for supernova and neutron star; 1998

� Effective nucleon masses: larger m* decrease thermal 
pressure in core (Schneider et al. 2019, Andresen et al. 
2021) Andersen et al. 2021
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Equation of state in CCSNe
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Neutrinos in CCSNe:
Physical, numerical, and computational challenges of modeling neutrino transport in 
core-collapse supernovae (Mezzacappa et al. 2020)

  

CMF SFHx 

z35 z85

� 4 simulations in axisymmetry

Simulation CCSNe explosions

CoCoNut
� GR neutrino hydrodynamic code (Dimmelmeier et al. 

2002; Mueller et al. 2013)
� Fast three flavor multigroup transport (FMT) for 

neutrinos (Mueller et al.,2010; Mueller and Janka 
2015)

� Inner 1.4 km calculated in spherical symmetry 





• Gravitational wave signals show 
lower frequency g-modes

• Frequency depends on Equation of 
State
1. Where is signal originating 

from? 
2. No signal in z35:SFhx?
3. Lower frequencies in CMF?

1) Where is the signal originating 
from?

Abdikamalov, E. et al. (2022)



Radially decomposed GW signal

github.com/PiaJakobus/GW_extraction4/3/2023 14



github.com/PiaJakobus/GW_extraction

Radially decomposed GW signal
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github.com/PiaJakobus/GW_extraction

Radially decomposed GW signal
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github.com/PiaJakobus/GW_extraction



github.com/PiaJakobus/GW_extraction
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dominant f-mode

Core g-mode





1. g-mode “lives” in convectively stable 
PCS region beneath the PCS 
convection zone 

2. Higher turbulent convective energies 
seen in CMF, particularly z35

g-mode

(Abdikamalov et al. 2022)



g-mode

3. What EoS properties cause ~20% 
lower g-mode frequencies in CMF?

(Abdikamalov et al. 2022)



What EoS properties cause a ~20% 
lower g-mode frequency in CMF?



What EoS properties cause a ~20% 
lower g-mode frequency in CMF?



CMF

SFHx



z35 progenitor
550 ms 
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CMF

SFHx ~ 3x larger



What EoS properties cause ~20% lower 
g-mode frequencies in CMF?
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Summary
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Motornenko et al: 
10.1103/PhysRevC.101.034904 [Mar 2020]
10.1016/j.nuclphysa.2020.121836 [Jan 2021]

hadron 
resonance gas

sti
ffe

ning

Stiff hadronic 
liquid

Chiral restoration
Parity partners 
soften EoS Quarks 

dom
inate

               1                         2                             4
log

• Quarks are abundant in very low numbers
• Nucleon-nucleon interactions make EoS stiff 
• Interplay of electron gradient in combination with a 

large                     drives down B.V.f. 
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How do 2D and 3D compare? 

4/3/2023 32



33

(Most et al. 2022:arXiv-2201)

Temperature and density comparison to NS-merger



Thank you for your attention!


