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Crab Nebula ςRemnant of SN 1054Crab Nebula ςRemnant of SN 1054
όά/ƘƛƴŜǎŜ {ǳǇŜǊƴƻǾŀέύ

Crab Pulsar
Chandra X-ray composite image
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Evolution of Stars

http://earthspacecircle.blogspot.com/2013/07/stellar-evolution.html

http://earthspacecircle.blogspot.com/2013/07/stellar-evolution.html
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Evolution of Stars
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Stellar Collapse and Supernova Explosion

Hydrogen Burning

Main-sequence star Helium-burning star

Helium
Burning

Hydrogen
Burning
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Stellar Collapse and Supernova Explosion

Hydrogen Burning

Main-sequence star Helium-burning star

Helium
Burning

Hydrogen
Burning

Onion structure

Degenerate iron core:
r º109 g cm-3

T     º1010 K
MFeº1.5 Msun
RFe  º3000 km
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Stellar Collapse and Supernova Explosion

Hydrogen Burning

Main-sequence star Helium-burning star

Helium
Burning

Hydrogen
Burning

Onion structure

Degenerate iron core:
r º109 g cm-3

T     º1010 K
MFeº1.5 Msun
RFe  º3000 km

Collapse (implosion)
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Stellar Collapse and Supernova Explosion

Collapse (implosion)ExplosionNewborn Neutron Star

ͯ50 km

Proto-Neutron Star

rͯ rnuc=3³1014g cm-3

T ͯ 10 MeV
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Stellar Collapse and Supernova Explosion

Newborn Neutron Star

ͯ50 km

Proto-Neutron Star

rͯ rnuc=3³1014g cm-3

T ͯ 10 MeV

Neutrino

cooling by

diffusion

Gravitational binding energy

Eb º3 ³1053 erg  º17% MSUN c
2

This shows up as  
99%     Neutrinos

1%     Kinetic energy of explosion
0.01%   Photons, outshine host galaxy

Neutrino luminosity

Lnͯ 3 ³1053 erg / 3 sec
ͯ 3 ³1019 LSUN

While it lasts, outshines the entire
visible universe
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Why No Prompt Explosion?

Dissociated

Material

(n, p, e, n)

ω0.1 Msun of iron has a 
nuclear binding energy
º1.7 ³1051 erg
ωComparable to

explosion energy

ωShock wave forms 
within the iron core

ωDissipates its energy 
by dissociating the 
remaining layer of
iron  
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Shock Revival by Neutrinos

S

Si

Si

O

Shock
wave

PNS

Stalled shock wave must
receive energy to start 
re-expansionagainst 
ram pressure of
infalling stellar core

Shock can receive
freshenergy from
neutrinos!

n
n

n

Georg Raffelt, MPI Physics,Munich Supernova Neutrinos, ISAPP 2017, 13ς24 June 2017
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Supernova Delayed Explosion Scenario
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Three Phases of Neutrino Emission

ωShock breakout
ωDe-leptonization of

outer core layers

ωShock stalls ͯ 150 km
ωNeutrinos powered by

infalling matter

Cooling on neutrino
diffusion time scale

Spherically symmetric Garching model (25Mṩ) with Boltzmann neutrino transport

Explosion
triggered
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Neutrino Signal of a Failed Supernova (40 MSUN)

Sumiyoshi, Yamada & Suzuki, arXiv:0706.3762

Shock front

’

’

’

’

’

’

Prompt ’burst

Collapse to
black hole
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What is an x-neutrino?

Typical interactions inside a SN core:
ωCharged current  ’ ὲᴾὴ Ὡ or    ’ ὴP ὲ Ὡ
ω Neutral current    ’ ὔᴾὔ ’ etc.,  

approx. same for ’ȟ’, ’, ’= ’

(but weak magnetism distinguishes
eg  ’ ὔᴾὔ ’and  ’ ὔᴾὔ ’)

SN core: Large trapped e-lepton number (many electrons & electron neutrinos)
No trapped muon or tau lepton number

Traditional SN simulations:
Three-species neutrino transport of ’, ’,’ (representing any of ’ȟ’, ’, ’)

Neutrino transport the numerically expensive part of SN simulations! 

Flavor oscillations:
Typically studied in 2-flavor limit
(But anyway not included in numerical SN simulations)
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Muonisation of a Supernova Core

ω aǳƻƴ ǇǊƻŘǳŎǘƛƻƴ ŜƴŜǊƎŜǘƛŎŀƭƭȅ ŦŀǾƻǊŜŘ  όÍ ρπυȢχ-Å6)

ω Local e- c˃onversion prevented by large matter effect for o˄scillations
(but BSM processes?)
ω Emission of excess ’ flux builds up transient muon number density

ω Emission of excess ’ flux runs down electron lepton number (ELN)
ω Requires six-species neutrino transportand muonic reactions (wƻōŜǊǘ .ƻƭƭƛƎΩǎ tƘ5)

Proto neutron star
(PNS) profile
350 ms postbounce

Í ρπυȢχ-Å6

Electron chemical
potential

Ὁ ḐσὝ

Temperature 

https://mediatum.ub.tum.de/1435391
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Muons in Supernovae

Average entropy/nucleon (2D model)

Muons
ω CŀŎƛƭƛǘŀǘŜ ƴŜǳǘǊƛƴƻ-driven explosion
ωAffect compactness of hot NSs
ωChange neutrino emission
ωMay affect ˄ oscillations / nucleosynthesis
ωAffect grav. instability of hot NS ­ BH
ωShould be included in SN

and NS-NS/BH merger simulations
ωRequire six-species neutrino transport

with coupling of different flavors

Standard

With muons
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Breaking Spherical Symmetry (3D Effects)

Melson, Janka, Bollig, Hanke, Marek & Müller, arXiv:1504.07631
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Hydrodynamic Instabilities (3D Simulations)

Convection SASI
Standing accretion shock instability

Images: Tobias Melson

­ 3D Model of Princeton Group (YouTube)

https://youtube.com/embed/i-Ly8aCoF7E?fs=1
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LESA ςA New Instability

Positive dipole
direction and
track on sky

Tamborra, Hanke, Janka, Müller, Raffelt & Marek, arXiv:1402.5418

Sky map of lepton-number flux (ⱨ▄ ⱨ▄) relative to 4paverage (11.2 MSUNmodel)
Deleptonization flux into one hemisphere, roughly dipole distribution

Lepton Emission Self-Sustained Asymmetry

https://arxiv.org/abs/1402.5418
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Spectra in the two Hemispheres

Direction of
maximum lepton-number flux

Direction of
minimum lepton-number flux

’

’

’

’

’

’

Neutrino flux spectra (11.2 MSUNmodel at 210 ms) in opposite LESA directions

During accretion phase, flavor-dependent fluxes
can vary strongly with observer direction!
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Status of LESA

¶After skeptical comments, confirmed by other groups

¶Not an artifact of neutrino transport approximation
Glas, Janka, Melson, Stockinger & Just, Effects of LESA in three-dimensional supernova
simulations with multi-D and ray-by-ray-plus neutrino transport, arXiv:1809.10146

¶Suppressed by fast rotation of progenitor 
Walk, Tamborra, Janka & Summa, Effects of SASI and LESA in the neutrino emission of
rotating supernovae, arXiv:1901.06235

¶LESA is a consequence of asymmetric 
proto-neutron star (PNS) convection

¶But not yet a simple explanation 
όάƛƴ нр ǿƻǊŘǎ ƻǊ ƭŜǎǎέύ

Radius [km]

Ye1014

1012

1010g /cm3

Janka, Melson, Summa
arXiv:1602.05576

https://arxiv.org/abs/1602.05576
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Successful 3D Explosion

ar

arXiv:2010.10506

https://arxiv.org/abs/2010.10506
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Landscape of SN and BH forming core collapses

Kresse+, arXiv:2010.04728

CǊŀŎǘƛƻƴ ƻŦ άŦŀƛƭŜŘ {bŜέ ό.I ŦƻǊƳƛƴƎ ŎƻǊŜ ŎƻƭƭŀǇǎŜǎύ ŀǊƻǳƴŘ нр҈ Κ

https://arxiv.org/abs/2010.04728
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Death Watch of a Million Supergiants

Å Monitoring 27 galaxies within 10 Mpc for many years

Å Visit typically twice per year

Å 106 supergiants (lifetime 106  years)

Å Combined SN rate: about 1 per year

First 7 years of survey:

Å 6 successful core-collapse SNe

Å 1 candidate failed SN

Gerke, Kochanek& Stanek, arXiv:1411.1761
Adams, Kochanek, Gerke, Stanek(& Dai), arXiv:1610.02402 (1609.01283)

Large Binocular Telescope
Mt Graham, Arizona 
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Empirical Fraction of Black-Hole Formation

Neustadt, Kochanek, Stanek, et al., arXiv:2104.03318

2020 update: 11 yr baseline, 8 SNe, 1 old & 1 new candidate for failed SN 

Roughly a quarter of all core-collapses could lead to BH formation,
in agreement with theory estimates!

https://arxiv.org/abs/2104.03318
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Sanduleak -69 202Sanduleak  -69 202 Supernova 1987A
23 February 1987



Georg Raffelt, MPI Physics, Munich 28 CCEPP Summer School 2021 on Neutrino Physics

SN 1987A Rings (Hubble Space Telescope 4/1994)

!ǊǘƛǎǘΩǎ  ƛƳǇǊŜǎǎƛƻƴ
http:// www.eso.org/public/images/eso1032a

Supernova Remnant 
(SNR) 1987A 

Foreground
Star

Foreground
Star
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Neutrino Signal of Supernova 1987A

Kamiokande-II (Japan)
Water Cherenkov detector
2140 tons
Clock uncertainty  °1 min

Irvine-Michigan-Brookhaven (US)
Water Cherenkov detector
6800 tons
Clock uncertainty  °50 ms

Baksan Scintillator Telescope
(Soviet Union), 200 tons
Random event cluster ͯ0.7/day
Clock uncertainty  +2/-54 s

Within clock uncertainties,
all signals are contemporaneous
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Irvine-Michigan-Brookhaven (IMB) Detector

SN 1987A

6800 m3
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SN 1987A Event No.9 in Kamiokande 

Kamiokande-II Detector
(2140 tons of water)

Hirata et al., PRD 38 (1988) 448
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Interpreting SN 1987A Neutrinos

Assume 
ω ¢ƘŜǊƳŀƭ ǎǇŜŎǘǊŀ
ω 9ǉǳƛǇŀǊǘƛǘƛƻƴ of
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Jegerlehner, 
Neubig & Raffelt,
PRD 54 (1996) 1194

Contours at CL
68.3%, 90% and 95.4%
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Interpreting SN 1987A Neutrinos

Assume 
ω ¢ƘŜǊƳŀƭ ǎǇŜŎǘǊŀ
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Jegerlehner, 
Neubig & Raffelt,
PRD 54 (1996) 1194

Contours at CL
68.3%, 90% and 95.4%

Recent long-term
simulations

(Basel, Garching)

Theory
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Where is the Neutron Star of SN 1987A?

No pulsar or neutron star has been seen until now (35 years later)
¶Infra-ǊŜŘ ŜȄŎŜǎǎ ƻōǎŜǊǾŜŘ ōȅ ![a!Υ Lƴ άǘƘŜ ōƭƻōέ ǎǘǊƻƴƎ ƛƴŘƛŎŀǘƛƻƴ ŦƻǊ b{

Expected position, remnant hidden by dust  [Cigan+ arXiv:1910.02960]
¶Most plausible model: Thermally cooling non-pulsar NS [Page+ arXiv:2004.06078]

https:// www.bbc.com/news/science-
environment-50473482

Atacama Large Millimeter/Submillimeter 
Array (ALMA) at ESO in Chile

1.5³1012 km

https://www.bbc.com/news/science-environment-50473482
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Do Neutrinos Gravitate?

Early light curve of SN 1987A

ω bŜǳǘǊƛƴƻǎ ŀǊǊƛǾŜŘ ǎŜǾŜǊŀƭ ƘƻǳǊǎ
before photons as expected
ω Transit time for ’and ‎same

(ρφπȢπππyr) within a few hours

Shapiro time delay for particles
moving in a gravitational potential

ɝὸ ς᷿ Ὠὸɮὶὸ

For trip from LMC to us, depending 
on galactic model,

ɝὸ ρς5 months

Neutrinos and photons respond to
gravity the same to within

1ςτ ρπ

Longo, PRL 60:173, 1988
Krauss & Tremaine, PRL 60:176, 1988


