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H-R diagram with 2 M evolution track
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H-R diagram for 8-100 M, stars
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Evolutionary tracks in the T. — p. plane
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Normalized distribution

Mass distributions for white dwarfs
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The Chandrasekhar limit for non-rotating WDs

Chandrasekhar (1931):

THE MAXIMUM MASS OF IDEAL WHITE DWARFS
By S. CHANDRASEKHAR

ABSTRACT

The theory of the polytropic gas spheres in conjunction with the equation of state
of a relativistically degenerate electron-gas leads to a unique value for the mass of a star
built on this model. This mass (=0.91(®) is interpreted as representing the upper
limit to the mass of an ideal white dwari.

The modern value is Mcp = 1.42 (55)% Mg



Progenitor binaries for type la supernovae

WD +
Sub-giant or
Main Sequence

WD + Giant

Chomiuk (2012)



Detonations

» M_ WD in hydrostatic equilibrium

s Chandrasekhar-mass WD

logp [g/cm?]

iron group elements
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mass shell (A1)

Roepke (2010)



Deflagrations

» subsonic  bring WD material ahead of flame out of equilibrium

pre-expansion

>  laminar flames: Mach ~107?
cannot catch up with WD expansion
nuclear energy release insufficient

»  buoyancy instabilities lead to
turbulent combustion

Roepke (2010)
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t = 0.200 sec

Roepke (2010)




t = 0.600 sec

Roepke (2010)



t = 1.000 sec

Roepke (2010)



t = 1.600 sec

Roepke (2010)



t = 3.000 sec

Roepke (2010)



log Lbol’ Luvoir [erg S_l]

Bolometric light curve
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Detonation in sub-Ch. mass C+0O white dwart

ignition spot
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Detonation in sub-Ch. mass C+0O white dwarf
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Detonation in sub-Ch. mass C+0O white dwarf

Absolute magnitude
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Detonation in sub-Ch. mass C+0O white dwarft
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Merger of 1.1 and 0.9 M5 C-O white dwarfs

log p [gem™]
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Eiin = 1.7 x 10°! erg, and My; = 0.62 M.
Pakmor et al. (2012)



Merger of 1.1 and 0.9 M@ C—-0O white d
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Merger of 1.1 and 0.9 M5 C-O white dwarfs
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Constraints on the SN 2014J progenitor system

05 B5 A5 GO M5
SN 2006dd limit

4+ ° 5M@
° 2M® ° 7M®
° 3M® 12 M,
40000 15000 10000 5000 3000

Temperature (K)
Kelly et al. (2014)



Direct Collisions of White-Dwarfs?

PAV

SN 20070n (286d) SN 2003gs (201d)

5000 5500 6000 6500 70005000 5500 6000 6500 7000

Dong et al. (2014):

e The two peaks are respectively blue-shifted and red-shifted relative to the
host galaxies and are separated by ~ 5000 km s—1.

e Bi-modality is naturally expected from direct collision of white dwarfs due to
the detonation of both white dwarfs.



Abundances 1n 20 M star at late stage

Hirschi et al. (2004)



Radial velocity profiles for the collapse

01 ——

radial velocity

|
o
-

”1 | 10 | 100 | 1000
radial coordinate [km]

The gravitational collapse occurs when I' = (8In P/81n p)s < 4/3
Siebel et al. (2003)



The adiabatic index
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The gravitational collapse runs with S ~ 1.
Bethe (1990)



Stellar collapse and prompt explosion

\-SP 506 Z M
Hot, extendedl
mantle

: DENSE
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Eshock:

~ 6 x 10°! erg, Ej,ss =~ 1.7 X 10°} (Mg, /0.1M) erg
Burrows (2012)



Stalled supernova shock after core bounce

shock gain R R R R
radius ns PNS v 8 s

(convective)

Janka (2001)

Delayed neutrino-heating mechanism (Colgate & White 1966).
Multidimensional problem.
Convection in PNS (Bruenn et al. 1979) and behind the shock (Bethe 1990).



The Neutrino-Driven Mechanism In
its Modern Flavour

shock
oscillations
(“SASI”)

« Stalled accretion shock
pushed out to ~150km as
matter piles up on the PNS,

then recedes again convection

* Heating or gain region
develops some tens of ms SOw o
after bounce :

» Convective overturn & shock
oscillations “SASI” enhance
the efficiency of v-heating, N/ shock
which finally revives the .
shock

Mueller (2012)
SASI is the so-called Standing Accretion Shock Instability (Blondin et al. 2003).



Multidimensional supernova

simulations
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Two-dimensional core collapse supernovae

1.8

22 29 ]

; r II!:" [ |I|II . . ’ 1 III: :“|||
t =4, 10, and 20 s.
Kifonidis et al. (2003)



Two-dimensional core collapse supernovae
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¢ = 100, 300, and 1500 s.
Kifonidis et al. (2003)



Two-dimensional core collapse supernovae

t = 5000, 10000, and 20 000 s.
Kifonidis et al. (2003)



3D models of supernova explosions

W1l5-4
100 ms

L15-3
100 ms

Each snapshot shows two surfaces of constant entropy.

Shock wave — gray and non-radial structure — greenish.
Mueller et al. (2012)



3D models of supernova explosions

Each snapshot shows two surfaces of constant entropy.

Shock wave — gray and non-radial structure — greenish.
Mueller et al. (2012)



Neutrino luminosities as a function of time

x 10> (@)

w
T

—
I

Luminosity [erg/s]
N

—— e Neutrino
—— e Antineutrino
u,T Neutrinos

4-ﬂj \
> — _—_
) — |~ |/

0
-0.08 -0.06 -0.04 -0.02 0 0.0

0.04 0.06

Time After Bounce [s]

Dashed lines — 13 M model, solid lines — 40 M; model.

Kotake et al. (2006)



Energy (MeV)
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Discovery

Discovered on 24 Feb 1987 , .
Brightest SN since 1604 (Kepler’s SN) ' SN 1987A
Located in the LMC (~ 50 kpc) ' : :

Magnitude at maximum +3

¢ IMB
® o Kamiokande I

- Neutrinos arrived at 23.316 UT
0 #’ (before the optical discovery)

% # ‘11’ 8 |9 neutrinos in 13 s

Confirmed core-collapse scenario

Larsson (2012)



The progenitor

First time a supernova progenitor
was identified in pre-explosion
images.

The progenitor turned out to be a
Blue Supergiant, Sk -69 202

Red supergiant had been expected!

Luminosity ~ 10° Le

Temperature ~ 16 000 K

Radius ~ 40 Re

Main sequence mass ~ 16 - 22 Mo

Previous observations of the star
had not revealed anything peculiar

Larsson (2012)



Bolometric light curve of SN 1987A
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Main radioactive decays in SN 1987A

Decay Time scale | Epoch when dominating
Ni — %Co + ~ 8.8 d 0-18 d
%6Co — 9%Fe + ~ 111.3 d 18-1100 d
— 9Fe + et
5TNi — %7Co + ~ 2.17 d
57Co — %TFe + ~ 390 d 1100-1800 d
44T — #Sc + ~ 87 yrs 1800 d —
44Sc — HCa + ~ 5.4 h
— HCa + et




~v-ray spectrum from SN 1987A
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Monte Carlo simulations of the 847, 1238, 2599, and 3250 keV lines.
Leising & Share (1990)
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Nonuzanmonnoe paBHOBecUe U ypaBHEHHE
COCTOSTHU Y

VYpaBHeHNe NOHM3aAIMOHHOro 6ajanca jjda aroma Z° u mona Z', B Ko-
TOPOM CKOPOCTH (POTOMOHM3AINN, NOHU3AINN 3JIEeKTPOHAMMN 1 HETeIl-
JIOBOII MOHU3AINN yPABHOBEINNBAITCA CKOPOCTIMU W3J1ydYaTeJIbHOU U
TPEeX4acCTUIHOI peKOMOMHAIIN, MMeeT BI]I
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CpejiHIEe Henmpo3padyHOCTU U KO3 PUIINEHT
3Ty YeHU s

e OTHOCUTE/IbHBIE KOHIIEHTPAIMM aTOMOB M WMOHOB, BBIUYMUCJIEHHBIE
nmpu orcyrctBum JITP, HOo 0e3 ydera BO30YKJAEHHBIX COCTOSHMUIA,
ONPEJIEJIIIOT COOTBETCTBYIOIINE CPEITHUE HEITPO3PAYHOCTU X% u FL%
1 KO3 (PUIUEeHT TenjJoBOTO M3JIyYUeHUs 77?. B kadecTtBe cpejHeit
HENMPO3PAYHOCTU, B3BEIIEHHOI MO IOTOKY SHEPIruU M3JIy4eHUd, XOF
HCIIOJIb3yeTcs poccesangoBo cpeanee. CpeaHsiss HEITPO3PAYHOCTD,
B3BeIlleHHasl 110 IIJIOTHOCTU SHEPrum nU3JIydeHus, H,OE BbIYNCJISIETCH

KaK IJIAHKOBCKOE CpeJHee C TeMOepaTypoil naiaydenud 1.

e boJsiee 500000 cneKTpaJbHbLIX JIMHU OBbLJIM BHIOpAHbI U3 OOIIMPHOII
6a3bl ATOMHBIX JIAHHBIX, KOTOPYIo coctaBmiim Kurucz & Bell (1995).
Bce onu 0111 MCII0/Ib30BaHbI IIPUA YCPEJHEHNN BKJIA/IA CIIEKTPAJIb-
HBbIX JIMHUI B HENPO3Pa4HOCTH BellleCTBa B 000JIOYKE CBEPXHOBOM,
pacmmpgioneiica ¢ rpagueHToM CKOPOCTMH.



Optimal hydrodynamic model for SN 1987A
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Detection of the SN 1987A rings

ESO New Technology Telescope (1990) and Hubble Space Telescope (1991)

Hubble Space Telescope (1995)



The Mysterious Rings of Supernova 1987A

ESA /Hubble, NASA (2012)




