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Core-Collapse Supernovae

M. Liebendorfer
University of Basel

* Collapse phase: Dynamics & v-interactions
» Postbounce phase: v-transport & explosion mechanisms

* Models: Approximations & prediction of observables
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Large cancellation
effects in the total
energy budget:

* Huge energy in!

* Huge energy out!

* The rest makes the
supernoval

e Leading order
contributions from
many fields of
physics possible...



Historical supernovae

Table 1. Summary of the historical supernovae. and the source of their records
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Supernova Lightcurve
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Early 'measurement’ of
radio-active half-life...
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Supernova Lightcurve
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Echoes from Cass A & Tycho

10 degrees

No echoes seen from SN1181?

* Search in Milky Way:
historical supernovae?

* Challenge: large solid
angle for search

* green = 2 epochs
available

» 2 clusters found
- deviations ~10 deg
due to dust sheet

orientation in A

--> average vectorin B

(Rest et al., ApJL 681,2008)



Cas A Supernova was of Type lIb 2K

... We present an optical spectrum of the Cassiopeia A - very faint at Earth
supernova hear maximum brightness, obtained from
observations of a scattered light echo --- more than - no widespread record

three centuries after the direct light of the explosion
swept Earth. The spectrum shows that Cassiopeia was

a type IIb supernova... * type controversial
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(Krause et al., Sci 320,2008)



Flux (ergcm2s'Hz™)

Tycho's SN was of type la
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* clearly SN origin

- absence of hydrogen
* prominent Si Il

- ejecta v=12000 km/s
--> typical SN la

comparison with 90d
time-averaged spectra

(Krause et al., Nature, arXiv:0810.5106)



Where does the Energy come from?
s

JANUARY 15, 1934 FHYSICAL REVIEW VOLUME 4&
Proceedings
of the Huge Energies
American Physical Society
38. Supernovae and Cosmic Rays. W. Baapk, A1 o : .
Wilson Observaiory, avD F. Zwicky, Colifornic Insiilule neutrinos:
of Technology.—Supernovae flare up in every stellar system ~le+53 erg

{nebula) once in several centuries. The lifetime of a super-
nova is about twenty days and its absolute brightness at

maximum may be as high as Myis= —14%, The visible * mechanical:
radiation L, of a supernova is about 10® times the radiation
of our sun, that is, L,=3.78 > 104 ergs/sec. Calculations ~Tle+51 erg

indicate that the total radiation, visible and invisible, is
of the order L,=10°L,=23.78 % 10% ergs/sec. The super-

nova therefore emits during its life a total energy - EIGCtrO—magn,:
E,=10FL, =378 10 ergs. If supernovae initially are

quite ordinarv stars of mass M<10" g, E./¢ is of the ~1e+48 erg elmag
same order as M itself. In the supernove process mass in

bulk is ennibslated. In addition the hypothesis auggeatsl ..

itsell that cosmic ravs are produced by supernovae. Assuming * visible:

that in every nebula one supernova occurs every thousand ~1e+41 erg visible

vears, the intensity of the cosmic rays to be observed on
the earth should be of the order =23} 10"% erg,/cm?® sec.

The vbservational values are about o=33x107% erg/cm® .
sec. (Millikan, Regener). With all reserve we advance the 56Ni -> 56Co ->56Fe
view that supernovae represent the transitions from ~6d ~11 Od

ordinary stars into wewlron slars, which in their final stages
consist of extremely closely packed neutrons.




Mass defects...
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NX
Mass defects... B0

BBBBB

... of nuclei

strong-
& electro- + ' '
weak >
Intferaction '
3 m(He) > m(C) Energies: keV-MeV

... of neutron stars

Gravitation stellar

& + core —> &~~~ P VS
Pauli principle ~1.4 Ms

m(core) > m(NS) Energies: ~3.E+53 erg

Am ~ 0.1 Ms
...but

1) This binding energy is achieved at nuclear matter density Nuqlear physics
2) Energy of neutrinos >~10MeV involved?
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Stellar Evolution 2
Overview of burning phases in stellar evolution * Fusion in core
H L — L e 22|‘0M<'? T T L L B L — reaCheS maXimUm
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G shell burning _ /%

stellar core collapse

: . | <-- happens here!

log{ irm®till core collapas / yr}

, : (Heger & Woosley 2002, see also
time till core collapse [yr] Hirschi, Meynet, Maeder 2005)



The collapse phase
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The collapse phase

x 10
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The collapse phase
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The collapse phase
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The collapse phase
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The collapse phase
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The collapse phase R
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Description of supernova matter... D
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* Main composition:

- Q@

electron neutron

t@v

e+
positron

Vv

'

proton

« Weak interactions:




Description of supernova matter...

* Main composition:

Conservation laws: Conditions: e- C

electron neutron
* Baryon number * Nuclear statistical
* Lepton number equilibrium (NSE) ‘ y@; v
- Energy * Charge neutrality
- Momentum * Detailed balance e+
- Magnetic flux - div(B) =0 \ positron

e
Conservation laws are for computational proton
physicists what ropes are for the rock
climber: First you think you can survive by - Weak interactions:
just being careful,...
e-+ @ «— @ *+ v

e++t(—)t+v




Description of supernova matter... IR

BBBBB

* Main composition:

- Qe

electron neutron

¢ &

e+

\{ positron

0

proton

« Weak interactions:

e-+&<_,ﬁ+\,

.. but in astrophysics you always meet the B
situation where they are indispensable! H+ @ — 0@ * @
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Microscopic input physics
e L e

Weak interactions between neutrinos and matter
(Bruenn, ApJS 58, 1985 and Refs. therein)

Coherent scattering of neutrinos on nuclei Cool
v+ (A, Z) = v+ (A7) collapse
Ion-ion correlations (Itoh 1975)

wZ s
m—
=

Equation of state:

Neutrino-electron scattering
v+e — v+te o
* Liquid drop

(Lattimer-Swesty 1991)

* Rel. Mean Field

(Shen et al. 1998)

Electron/neutrino capture on nuclei

ve+(A,Z2) = e +(4,74+1)

Electron/neutrino capture on nucleons
Ve+n — € +p
Ve+p = et +n

Neutrino-nucleon scattering

v+ N = v+ N

Pair creation/annihilation
e +et = v4b
Nucleon-Nucleon bremsstrahlung (Thompson et al. 2002) Hot

Electron-v pair annihilation --> muon-Vv pair creation (Buras et al. 2003)
postbounce



Deleptonization X

Bethe (1990)
mean free path:
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Optical depth:
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Energy [MeV]

Deleptonization

10

Bethe (1990)
mean free path:

A, =1.0X10%,[(N*/64)X,+X,] ;% cm .

Optical depth:

T =§dr'/7\
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Deleptonization

Energy [MeV]

-—
o_l.

10 10 10" 10" 10
Density [g/cm3]
(Martinez-Pinedo, Liebendoerfer, Frekers, 2006)
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Deleptonization
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Energy [MeV]

Deleptonization
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More neutrinos from electron capture

Independentparticletreatment
|
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» Traditional input physics:

Electron capture reactions
blocked for neutrino-rich
heavy nuclei

BBBBB



More neutrinos from electron capture

Independentparticletreatment
|

------- S------- 802
N=40 |
Blocked: GT
—0 0000 f5/2
Bp —oe X
—oo00——— - Py
l \
fan |
neutrons, protons

5

» Traditional input physics:

Electron capture reactions
blocked for neutrino-rich
heavy nuclei

Unblocked \
Correlations!
Finite T 4

GT f5/2
B o—
—_— : L 2 p3/2
| \
f7/2

neutrons ! protons

ey

s /////A////// L
(Martinez-Pinedo & Langanke 2002)

* Most recent input physics:

Electron captures on heavy
nuclei proceed and dominatel

(Hix et al.2003, Marek et al. 2006)

N4

s XX

0N



More neutrinos from electron capture

0N
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» Traditional input physics:

Electron capture reactions
blocked for neutrino-rich
heavy nuclei

ainidnl S il 9/2
Unblocked \
Correlations!
Finite T 4
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P oo— :
|
—_ : . \ p3/2
f7/2 I
neutrons: protons

velocity (10* km s™)
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(Martinez-Pinedo & Langanke 2002)

* Most recent input physics:

Electron captures on heavy
nuclei proceed and dominatel

(Hix et al. 2003, Marek et al. 2006)

Electron fraction and
velocity profile as function
of enclosed mass before bounce

05—

traditional rates

1 . 1 . 1 . 1 " 1

. . ,
b v L o
[ L

improved rates

'
-o-b

0.2 0.4 0.6 0.8 1.0 1.2
Enclosed Mass (M )

(Langanke et al.2003)

* the treatment of
nuclear structure in
n-rich nuclei causes
20% differences in
shock formation!
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The Supernova Problem
e

» How does the col-
lapse of single stars
lead to explosions that
outshine a galaxy?

xy-Plane, Time wrt Core-Bounce: 0.10200 s

12

10

* Which new physics is
observable in the
extreme conditions of

> matter during the
explosion?

0.2

* Does the nucleo-
synthesis of heavy
elements explain the
abundances on Earth,
the Sun and distant
stars?

4 -3 2 -1 0 1 2 3

Whitehouse et al. Space Coordinate [cm] X107



