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EVOLUTION OF STARS

Planetary Nebula

Small Star Red Giant

White Dwarf

. J

Supernova

Red Supergiant
Large Star -

N

Stellar Cloud
with
Protostars

http://earthspacecircle.blogspot.com/2013/07/stellavolution.htmi ~ Black Hole


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

EVOLUTION OF STARS
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Stellar Collapse and Supernova Explosion

Main-sequence star Helium-burning star

Hydrogen Burning Helium Hydrogen
Burning Burning
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Stellar Collapse and Supernova Explosion

Onion structure Helium-burning star

Helium Hydrogen
Burning Burning
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Stellar Collapse and Supernova Explosion

Onion structure Collapse (implosion)

rate Iron coie
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Stellar Collapse and Supernova Explosion

Newborn Neutron Star Explosion

(==

Proto-Neutron Star

X roue=3%10%gcm3
™ 10MeV
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Stellar Collapse and Supernova Explosion

Newborn Neutron Star

—

Proto-Neutron Star
X roue=3%10%gcm3
™ 10MeV

Georg Raffelt, MPI Physics, Munich

Gravitational binding energy
E ° 33 10°3erg® 17% M\

Thisshows up as
99%  Neutrinos
1% Kinetic energy of explosion
0.01% Photons, outshine hagdlaxy

Neutrino luminosity

L x 33 10°erg/ 3 sec
X 33 1019LSUN

While it lasts, outshines the entire
visibleuniverse

CCEPP Summer School 2021 on Neutrino Phy



Why No Prompt Explosion?

0.1 M, of iron has-a
nuclearbinding energy
01 73 10°terg

wComparable to
explosion-energy

Dissociated
Material
(n’ p! e’ n)
wShock wave forms

within the iron core

wDissipates its energy
by dissociating the
remaining layerof
iron

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



Shock Revival by Neutrinos

Stalledshock wavanust
receive energyo start
re-expansiomgainst
ram pressureof
Infallingstellar core

Shockcan receive
freshenergyfrom
neutrinos!

Georg Raffelt, MPI Physickjunich Supernova Neutrinos, ISAPP 2017¢23 June 2017



Supernova Delayed Explosion Scenario

Collapse ve'bur.st Kelvin—Helmholtz cooling
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Three Phases of Neutrino Emission

Ve Burst Accretion Cooling
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Spherically symmetric Garching mod@3My ) with Boltzmann neutrinaransport
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Neutrino Signal of a Failed Supernova (¥Q,\)

30F

20F

average energy [MeV]

10[

Shock front

/

2x107 |-

t

Collapse to
black hole

luminosity [erg/s]

1.5
time after bounce [sec]

SumiyoshiYamada & SuzularXiv:0706.3762
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What i1s an xneutrino?

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

® ¢ +tp = n+V,e

o ct+n = p+v,

Typical interactions inside a SN core:
wCharged current ePn Q or 7 NP e Q

e ¢ +A = v, + A"

e v+n,p — v+np

wNeutral current '’ v P v ' etc, c viA = viAd
approx. same for n |’ |7 =’ o viet = piet
(but weakmagnetismdistinguishes e N+N = N+N+v+7¥
eg’ OP O " and ™ OP O ’_) e ct+eT = v+

® V,+ Ve,]_/e = V_x+Vg,]_/e
(vx = Yus Yy, Vr, OF vr)

® VetVe = Vyr+Vur

Traditional SN simulations:
Threespecies neutrino transport of ,™ ,” (representinganyof ™ ,” ,7 )
Neutrino transport the numerically expensive part of SN simulations!

Flavor oscillations:
Typically studied in-Bavor limit
(But anyway not included in numerical SN simulations)

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



Muonisation of a Supernova Core

w adzzy LINPRdAzOUAZ2Y ISYypN@E-SAP\ Ot fte Tl Oz
wLocal e> conversion prevented by large matter effect fooscillations

(but BSM processes?)
wEmission of excess flux builds up transient muon number density
wEmissiorof excess flux runs down electron lepton number (ELN)
wRequiressixspecies neutrino transpodnd muonic reactiongw 2 6 S NI . )2 f

Radius coordinate [kmg
12.5

5.00 7.50 10 0 17.5 20.0 25.0

] Proto neutron star
Electron chemical 1 (PNS) profile

potential 4 350 ms postbounce

Energy [MeV]
o
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Enclosed mass coordinate [Mg ]
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https://mediatum.ub.tum.de/1435391

week ending

PRL 119, 242702 (2017) PHYSICAL REVIEW LETTERS 15 DECEMBER 2017

5%

Muon Creation in Supernova Matter Facilitates Neutrino-Driven Explosions

R. Bollig,]’2 H.-T. Janka,] A. Lohs,3 G. Martinez—PinedO,3‘4 C.IL H()rowitz,5 and T. Melson’

Average entropy/nucleon (2D model)

Muons
w CIl OAf A ddriverSexpioSodzii NJ
wAffect compactness of hot NSs
wChange neutrino emission
wMay affectAoscillations / nucleosynthesi
wAffectgrav.instability of hotNS- BH
wShould be included i8N
and NSNS/BH merger simulations
wRequire sixspeciexneutrino transport
with couplingof different flavors
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Breaking Spherical Symmetry (3D Effects)
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Hydrodynamic Instabilities (3D Simulations)

Convection SASI
Standing accretion shock instability

Convection

Secondary
convection

Images: Tobias Melson

- 3D Model of Princeton Group (YouTub:s

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


https://youtube.com/embed/i-Ly8aCoF7E?fs=1

LESA A New Instability

Lepton Emission Sefustained Asymmetry

Sky map of leptomumber flux (i, R ) relative to 4 average (11.2 M,ymodel)
Deleptonizationflux into one hemisphere, roughly dipoldistribution

2.5

Tamborra, Hanke, JankaiNer, Raffelt & MarekarXiv:1402.5418

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



https://arxiv.org/abs/1402.5418

Spectra in the two Hemispheres

Neutrino flux spectra (11.2 M,ymodel at 210 ms) in opposite LESA directions

Direction of Direction of
maximumlepton-number flux minimum lepton-number flux

1110 em™ s
1110 em™ s

Neutrino Energy [MeV] Neutrino Energy [MeV]

During accretion phase, flavedependent fluxes
can vary strongly with observer direction!

CCEPP Summer School 2021 on Neutrino Ph

Georg Raffelt, MPI Physics, Munich



Status of LESA

1 After skeptical comments, confirmed by other groups

1 Not an artifact of neutrino transport approximation

Glas Janka, Melson, StockingerJ&st, Effects of LESA tinree-dimensional supernova
simulations with multD and ray-by-ray-plus neutrino transportarXiv:1809.10146

1 Suppressedy fast rotation of progenitor

Walk Tamborra, Janka &ummaEffectsof SASI and LESA in tfeutrino emission of
rotating supernovaearXiv:1901.06235
0.240

TLESA is a consequence of asymmetric 0.225

proto-neutron star (PNS) convection

0.210

1 But not yet a simple explanation gi:g Y,
OGAY Hp H2NRa 2N fS. b
0.150
Janka, Melson, Sum Y, 0.135

arxiv:1602.0557

—40—-20 0 20 40
Radius [km]
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https://arxiv.org/abs/1602.05576

SELF-CONSISTENT 3D SUPERNOVA MODELS FROM —7 MINUTES TO +7 SECONDS:
A 1-BETHE EXPLOSION OF A ~19 M, PROGENITOR

ROBERT BOLLIG,! NAVEEN YADAV,"? DANIEL KRESSE,"* HANS-THOMAS JANKA,! BERNHARD MULLER," "% AND
ALEXANDER HEGER®™"®

arXiv:2010.10506

(s) [ke/by]

10?
Rmin o L pme =
— Tiaia Rga,"x
g 108 ir E.
S 3
107
106

2

LLp‘b [S] tpb [S]

Figure 1. Explosion dynamics and neutrino emission of model M_P3D_LS220_m— and its extension M_P3D_LS220_m—HC. The
time axes are chosen for optimal visibility. Left: Mass shells with entropy per nucleon color-coded. Maximum, minimum, and
average shock radii, gain radius, and the mass shells of Si/O shell interface and final NS mass are marked. The vertical white
line separates VERTEX transport (left, time linear) and HC neutrino approximation (right, time logarithmic). Right: Emitted
luminosities and mean energies of v., v., and a single species of heavy-lepton neutrinos. The time axis is split as in the left
panel. Right of the vertical solid line we show neutrino data from the artificially exploded 1D simulation.


https://arxiv.org/abs/2010.10506

Landscape of SN and BH forming core collapse
Kresse+arXiv:2010.04728

0 —SNe — MT =23M — M7 =31M ' ' ' ‘ 3
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Figure 2. Landscape of SN and BH formation cases for the combined progenitor sets of WH15, SW14, and WHO07, simulated with the neutrino engine model of Z9.6
and W18. From top to bottom: time of explosion or BH formation, total energy radiated in all species of neutrinos, and mean energy of electron antineutrinos vs.
ZAMS mass of the progenitors. Note the logarithmic scale in the top panel. Red bars indicate successful SN explosions and fallback SNe, while the outcomes of BH-
forming, failed SNe are shown for our different cases of baryonic NS mass limits in gray (2.3 M), dark blue (2.7 M), light blue (3.1 M), and cyan (3.5 M.). The
outcome of the ECSN by Hiidepohl et al. (2010) is not shown in the figure but discussed in the main text.
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https://arxiv.org/abs/2010.04728

Death Watch of a Million Supergiants

AMonitoring 27 galaxies within 10 Mpc for many yea

AVisit typically twice per year

A10° supergiants (lifetime 1®years) — —

ACombined SN rate: about 1 per year epN
bt

First 7 years of survey:
A6 successful coreollapse SNe .
Large Binocular Telescoy

Al candidate failed S\ Mt Graham, Arizona

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

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



Empirical Fraction of BlacKole Formation

2020 update: 11 yr baseline, 8 SNe, 1 old & 1 new candidate for failed SN
Neustadt, Kochanek, Stanek, et arXiv:2104.03318

I T T T | T T T I T T T | T
8 — NFSN =0 a
B — NFSN
: — NFSN =2 1
6 f < 0.226 —
= [ , 0.232
E 4__ f=0.1627575z B
: f=0.236072
21 _
1 | 1 | L 1 | Il L | 1 L 1 |
8.0 0.2 0.4 0.6 0.8 1.0
FSN fraction

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

Georg Raffelt, MPI Physics, Munich 26 CCEPP Summer School 2021 on Neutrino Ph


https://arxiv.org/abs/2104.03318




SN 1987A Rings (Hubble Space Telescope 4/19¢

Foreground

Star \

x’

o N.ll Aad Qa:;.._.jjé
http /l www eso. org/publlcllmages/e301032a

- :
: ‘<_ Foreground
Star

Supernova Remnant
(SNR) 1987A
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Neutrino Signal of Supernova 1987A
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Georg Raffelt, MPI Physics, Munich

Kamiokanddl (Japan)
Water Cherenkov detector
2140 tons

Clock uncertainty’ 1 min

Irvine-MichiganBrookhaven (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

CCEPP Summer School 2021 on Neutrino Ph



Irvine-MichiganBroo
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SN 1987A Event N0.9 iIn Kamiokande

Kamiokandell Detector
(2140 tons of water)

NUM 9
RUN 1892
EVENT 139372

TIME 2/23/87
16.35.37 JST

TOTAL ENERGY 19.8 MeV

TOTAL P.E. 51(0)
MAX PE. 4(0)
THRES P.E. 0.2(1.0)

22500

KAMIOKANDE 2-P
(b)

NUM )
RUN 1892
EVENT 139372

TIME 2/23/87
16:35:37 JST

TOTAL ENERGY 198MeV
TOTAL PE 51(0)
MAX PE. 4(0)
THRES P.E. 0.2(1.0)

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



Interpreting SN 1987A Neutrinos

Binding Energyp[ 1t erg]

30

20

10

Contours at CL

A 3 4 5
Spectral ™ temperature [MeV]

6

Assume

1w ¢KENNI §
68.3%, 90% and 95.4% |

w 91 dzA it N
energybetween

] T ] T ]
] ] ] ]

and ™

Jegerlehner,
Neubig & Raffelt,
PRD 54 (1996) 1194

Georg Raffelt, MPI Physics, Munich
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Interpreting SN 1987A Neutrinos

30 L I | LI I LI I LI Assume

i Contours at CL lw ¢KSNXNI €
v - KAM IMB 1 energybetween
IEI 20 — = 7 T 7 T 7
O_ . ol ] ’_1 ] ]
= - Recent longerm { and
2 i ‘ simulations I
LL] i \ ' il
~ 10 RN (Basel, Garching i
< [ \ \ i
£ ]
.% g Jegerlehner,

Theory | S Neubig & Raffelt,

O NI B B B R I B B | L 1 1 1 7| ] PRD 54 (1996) 1194
1 A 3 4 5 6

Spectral ™ temperature [MeV]
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Where is the Neutron Star of SN 1987A7?

No pulsar or neutron star has been seen until now (35 years later)
MinfraNBR SEOS&aa 20aSNWSR o0& ![a!yY Ly
Expected position, remnant hidden by dust [Cigan+ arXiv:1910.02960]
1 Most plausible model: Thermally cooling npalsar NS [PagearXiv:2004.06078]

https://www.bbc.com/news/science
environment50473482

Atacama Large Millimeter/Submillimeter

Array (ALMA at ESO in Chile

Location of the
Neutron Star

1.5 102 krrL
0.2“j

Georg Raffelt, MPI Physics, Munich 34 CCEPP Summer School 2021 on Neutrino Phy



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

Do Neutrinos Gravitate?

w bSdziNAy2a |
before photons as expected
wTransit time for and] same

N

Early light curve of SN 1987A

)

(p @8t 1t yT) Within a few hours

Shapiro time delay for particles
moving in a gravitational potentig

. Q&li(9]

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

30

30 pPc5 months

Neutrinos and photons respond |
gravity the same to within

Ict p Tt

Longq PRL 60:173988
KraussX% TremainePRL 60:176, 1988

N

Georg Raffelt, MPI Physics, Munich
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