Lecture 6.Core collapse supernovae
(type II, type Ibc). Neutrino
emission. SN1987A. Classification of
supernovae. Formation of neutron
stars.
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Core mass

Deleptonized iron core is formed and starts to collapse
due to various instabilities
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vr (1000 km/s)

Core collapse and bounce
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During collapse, relatively cold
heavy bound nuclei persist until
they touch and merged at about
nuclear density p, =2.8x1014 g/cm3
forming one huge nucleus. The
density overshoots p A by a factor

of several. The core rebounds due
to hard-core repulsive potential.
Shock bounce is formed. BUT DOES
NOT LEAD TO THE SN EXPLOSION:
1. Shock spends its energy to
disintegrate nuclei (105! ergs per each
0.1 M®)

2. Neutrino cooling from behind the
shock is very effective =

10 ms after the core bounce a hot
dense proto-NS accretes matter
at a rate 1-10 M, per yr!
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Delayed SN explosions

* Neutrino-driven explosions (Colgate & White 1966, Arnett 1966). ?
“Delayed” neutrino mechanism Wilson (1985), Bethe & Wilson -
(1985).... Decades of simulations: bounce itself cannot produce
explosion by piston action on the mantle

e How to revive the stalled shock? Ideas: neutrino-driven convection
(Herant et al 94, Burrows, Hayes, Fryxell 95,... Fryer &Warren 04...)

 Modern best multi-D with neutrino transport (Rampp & Janka 02,
Buras et al. 05): Within 200-300ms after bounce, at 150-200 km above
proto-NS, the shock stalls. No successful explosions.

» Alternatives: Magneto-rotational mechanism (Bisnovatyj-Kogan 1970,
2D Ardelyan et al. 05 — successful!), Akiyama et al 03, rotation core
fragmentation (Imshennik 92, Imshennik & Nadyozhin 92) — but
require rapid rotation of pre-SN core.

« New ideas (Burrows et al 05, astro-ph/0510687): accretion front
instability =» acoustic power generates in the core region and drives
explosion 500 ms after bounce. Worth further study.
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Energy deposition here drives convection

Velocit
Y Bethe, (1990), RMP, 62, 801

4

o rad (see also Burrows, Arnett, Wilson, Epstein, ...)
gain radius
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Accretion Shock

Inside the shock, matter is in approximate hydrostatic equilibrium.
Inside the gain radius there is net energy loss to neutrinos. Outside
there Is net energy gain from neutrino deposition. At any one time there
Is about 0.1 solar masses in the gain region absorbing a few percent

of the neutrino luminosity.
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As the shock moves though regions
of increasing pr3, it slows. The
deceleration is communicated back
towards the center by pressure waves.
The density increases as one goes
towards the center. The situation
is thus RT unstable.
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25 solar mass supernova, 1.2 x 10°! erg

explosion. Calculation using modified FLASH code -
Zingale & Woosley
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2.2 Million km t=1170 sec

<l .
< »

Mixing
early during the
supernova explosion
may allow material
from the bottom of
exploding star come
out -- even if most of

the core falls back to
form a black hole.

Density [g/cm’] Log (Element Density) [g/cm’]

B  _— (Kifonidis et al. 2000)

0.00 0.04 0.07 0.1 0.14 -3.16 -2.66 -2.16 -1.66 -1.16
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Diagnosing an explosion

Kifonidis et al. (2001), ApJL, 531, 123

2.2 Million km t= 1170 sec

Cas A SNR as seen by the Chandra Observatory.

The red material on the left outer edge is enriched in iron. The greenish-
white region is enriched in silicon. Why are elements made in the middle on
the outside?
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ENTROPY Time = 50 ms Width = 750 km

ENTROPY Time = 385 ms Width = 750 km

ENTROPY Time =150 ms Width = 750 km

ENTROPY Time = 420 ms _ Width = 750 km

ENTROPY Time = 275 ms Width = 750 km ENTROPY Time = 310 ms Width = 750 km
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Example of successful acoustic
powered SN (11 M, non-rotating
progenitor) by Burrows et al ’05.
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Acoustic power generation. The PNS acts as
a transducer of accretion power GMM'/R to

acoustic energy flux
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Neutrino emission in SNe
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Summary of neutrino lum

(A.Burrows)

shock hreakout
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