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Georg becomes 65!



Tribute to a
● Long-time collaborator
● Supporter and mentor
● Companion and friend





Supernova 1987A

Supernova 1987A  (SN 1987A)





SFB 375:
1995−2006

SFB-TR27:
2007−2011

SFB 1258: 2017−2024+ ?



Georg's Achievements

     116 papers on supernova neutrinos

     (28 joint papers on this topic)

     Nearly 9000 citations according to ADS                     
     (individual papers up to ~500)

     Wide spectrum of topics



University
of Chicago 

Press
1996



Nucleon Spin Fluctuations & Neutrino Interactions



Neutrino Reaction Rates in Supernova Cores



Supernova Neutrino Spectra Formation



Analysis of SN 1987A Neutrino Detection



Supernova Neutrino Diagnostics with IceCube



Supernova Neutrino Diagnostics with IceCube



3D Core-Collapse Models: Neutrino Signals
 11.2, 20, 27 Msun progenitors (WHW 2002)

SASI produces modulations of neutrino emission (and gravitational-wave signal).

at 10 kpc

Tamborra et al., PRL 111, 121104 (2013);                      
                    PRD 90, 045032 (2014)

27 Msun



LESA: 
An Unexpected Discovery in 3D Supernova Models

Dipole asymmetry of the electron lepton-number emission



LESA and its Consequences

Glas, THJ, Just, Melson, & 
Stockinger, ApJ (2019)

   Neutron-star kicks   (~10~100 km/s) 

   Supernova nucleosynthesis in                        

     ν-heated ejecta is direction dependent

   Viewing-angle dependent lepton flux 

   Neutrino-flavor oscillations are direction       

     dependent

   Consequences of LESA:

F ν e−F νe

Dipole asymmetry of the electron 
lepton-number emission



Neutrino Flavor Conversion in Supernovae



Regions of Neutrino-Flavor Conversions





Stellar Collapse and Supernova Stages
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3D Explosion of  ~19 M
sun
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Explosion energy saturates at 1051 ergs after 7 seconds
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3D SN Models:  Different Morphologies

Utrobin et al., A&A 624 (2019) A116



CRAB Nebula with 
pulsar, remnant of 
Supernova 1054 





"Crab-like" Supernovae 2005cs & 2020cxd

Progenitor ~9 Msun with Fe-core
● Explosion energy:  ~7*1049 erg  
● Ni+Fe mass:   ~3*10�3 Msun        

● Ejecta mass:  ~7.4 Msun           
Kozyreva et al., MNRAS 514 (2022) 4173

Multi-band light curves from 3D 
explosion models agree very well 
with observations!

Low-mass, low-energy supernovae from Fe-core progenitors

SN 2020cxdSN 2005cs



 Nebular Spectra of Neutrino-driven
Low-energy Explosion of  9.0 Msun Fe-core Progenitor

Jerkstrand et al., MNRAS  475 (2018) 277Spectra and line 
profiles of 1D 
explosion model:

Good agreement
with SN 1997D 
and SN 2008bk;
SN 2005cs unclear

All cases show 
clear O and He 
lines and no high 
58Ni/56Ni ratio

ECSNe disfavored;
explosions of low-
mass Fe-core 
progenitors more 
likely 



 Low-energy Supernovae Constrain
Radiative Particle Decays

Energy deposition by radiative decays of axion-like particles  
(ALPs) must not over-power low-energy, low-luminosity SNe

Caputo, THJ, et al., PRL 128 (2022) 221103



Particle Bounds from Supernovae & Neutrinos



Supernova 1987A

Supernova 1987A  (SN 1987A)



Utrobin et al., ApJ 914 (2021) 4

Binary-star Models for SN1987A:
Bolometric Light Curves from 3D Explosions

Menon & Heger (2017);
Binary merger progenitors, following 

an original suggestion by 
Podsiadlowski and coworkers (1990ff)



Binary-star vs. Single-star Models 
for SN1987A:

Utrobin et al., ApJ 914 (2021) 4



3D Geometry of SN1987A:
Observations vs. Models

3D isosurfaces of iron and silicon  ([FeII]+[SiI])

HST & VLT obs.  (Larsson et al., ApJ 833 (2016) 147) 3D model L15  (Janka et al., arXiv:1705.01159)

Observer



A Compact Object in SN1987A?
High angular resolution ALMA images of dust and molecules

in the ejecta of SN 1987A

5-sigma hot "blob" north-east of ejecta center:  
Compact source would be compatible with recent limits by

Alp et al. (ApJ 864 (2018) 174).
Luminosity can be explained by energy input 

from a thermally cooling NS
(or, less likely, accretion by BH)

(Cigan et al., ApJ 886 (2019) 51; Page et al., ApJ 898 (2020) 125) 



● What are the effects of neutrino flavor oscillations in 
supernovae ? 

● Can we learn more from SN 1987A neutrinos using                
state-of-the-art explosion models?

● Better BSM particle constraints through better models!

● A core-collapse supernova in the Milky Way!

 More Questions & Challenges
.... and More Work for Georg!

All the best and many more 
years of productivity and fun!





3D Geometry of SN1987A:
Observations vs. Models

Molecular CO 2-1 and SiO 5-4 
emission observed by ALMA

Abellán et al., ApJL 842 (2017) L24

30% peak

50% peak

70% peak



3D Geometry of SN1987A:
Observations vs. Models

Molecular CO 2-1 and SiO 5-4 emission observed by ALMA

Abellán et al., ApJL 842 (2017) L24

● B15● N20● W15 ● L15



3D Geometry of SN1987A:
Observations vs. Models

Molecular CO 2-1 and SiO 5-4 emission observed by ALMA

Abellán et al., ApJL 842 (2017) L24

● B15● N20● W15 ● L15



3D SN from Binary Model

Utrobin et al., ApJ 914 (2021) 4
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