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The end of a stellar life

Direct supernova observables
- The explosion ejecta/energy ~ 10°' erg
- The remnant/NS kick
- Explosive nucleosynthesis

Core collapse supernovae: progenitor stars more massive then 8.8 M,

- Asymmetry of the explosion
Indirect supernova observables

- Neutrino signal

a0 7
1 8 g
5
= 2
=40
| ” | L1

W00 1.0 2.0, TIME

i | (sec)

Z ' T
a0 wd | L +L2x10®

o | ! - i
E ! ! o
5 | s =
weo : Il Jo.sxgt
o : : e
= | n ] m
Faob | 12 108x10"
= i o} ! =
- | <
! o.3x10°2

L Jaax

Tooe Tl ™

- ' P \ y \

- ] | ! H i i

I ! -200 -10.0 0.0 0.0 200  TIME

(sec)
Feb. ‘94 Sept ‘94 Mar. ‘95 Feb ‘96

Figure: SN1987A, Hirata et al. 1987

Supernova 1987A Explosion Debris
Hubble Space Telescope « WFPC2

Unification of the 4 fundamental forces
(gravity, electro-magnetism, weak- and strong interactions)

Supernovae as laboratories for matter under extreme
conditions
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Outline

@ Core collapse supernovae
© Modelling core collapse supernovae in spherical symmetry
© The equation of state

@ QCD phase transition in core collapse supernovae
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Core collapse supernovae

Phase 0: The progenitor stage

1) The final stage of nuclear burning
(6°Zn, 56Ni, 52756Fe)

15 MO Woosley, Weaver & Heger (2002)
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Figure: The progenitor



Core collapse supernovae

Phase 1: The collapse phase

1) The final stage of nuclear burning
(6°Zn, 56Ni, 52756Fe)

15 Mo Woosley, Weaver & Heger (2002)
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Figure: The progenitor

2) Pressure loss and Collapse due to:
2a) Photodisintegration of heavy nuclei
2b) Electron captures
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Core collapse supernovae

Phase 1: The collapse phase

Deleptonization: the electron fraction Y. decreases

e +p—n+re
e +(AZ2)—(AZ-1)+re

Note: p ~ 10'2 g/cm?
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Core collapse supernovae

The core bounce
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Figure: Radial profiles of the core bounce with respect to mass



Core collapse supernovae

The core bounce
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Core collapse supernovae

The core bounce

4X10 | | (é) | | | @ Collapse halts at nuclear saturation density

ol | ng ~ 0.11 — 0.13 fm~3
p~2—4x10" g/cm?

© Formation of a stagnation wave

o

Velocity [km/s]

-2 -15 -1 -05 0 05 1 156 2
Baryon Mass [solar masses]

& (b)

g ‘ ‘

S | —-0.307 ms||
> 14 -0.180 ms
% 12l ——-0.100 ms
a

& 10; 1
>

©

@ 8r .

=4 ‘ ‘ ‘ ‘ ‘
8 -2 -15 -1 -05 0 0.5 1 1.5 2

Baryon Mass [solar masses]

n
o
[

Electron Fractio

-2 -15 -1 -05 0 05 1 15 2
Baryon Mass [solar masses]

Figure: Radial profiles of the core bounce with respect to mass

10/38



Core collapse supernovae

Phase 2: The core bounce
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@ Collapse halts at nuclear saturation density
ng ~0.11 —0.13 fm=3
p~2—4x10" g/cm3

© Formation of a stagnation wave

o

© — shock wave
Remark: the size of the bouncing core?

4
he 1/ Yse\3
Meore = (r/r0)*2Mo, K = T(Sﬂz)é (mZ»)

4Goldreich & Weber 1980
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Core collapse supernovae

The core bounce

Velocity [km/s]
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@ Collapse halts at nuclear saturation density
ng ~0.11 —0.13 fm=3
p~2—4x10" g/cm?

© Formation of a stagnation wave

o

© — shock wave
Remark: the size of the bouncing core?

4
hc 1/ Ya\3
M = (s/50)? Mo, 1 = "2 (322)% (12

© Shock acceleration

2Goldreich & Weber 1980
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Core collapse supernovae

The core bounce
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@ Collapse halts at nuclear saturation density
ng ~0.11 —0.13 fm~3
p~2—4x10" g/cm?3

© Formation of a stagnation wave

o

© — shock wave
Remark: the size of the bouncing core?

4
he 1/ Ye\3
Meore = (,‘1/&0)3/2/\40, k= 7(3772); (n‘l:;>

@ Dynamic shock vs. dissociation of nuclei

4Goldreich & Weber 1980
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Core collapse supernovae

The core bounce

@ Collapse halts at nuclear saturation density
© Formation of a stagnation wave
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Figure: The core bounce

© —shock wave
© dynamic shock wave vs. infalling matter
© Additional electron captures: neutrino burst
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Core collapse supernovae

Phase 2: The core bounce
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@ Collapse halts at nuclear saturation density

© Formation of a stagnation wave
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© — shock wave

-40 -20 0O 20 40 60 80 100

© dynamic shock wave vs. infalling matter
© Additional electron captures: neutrino burst

(several ~ 1053 erg/s)

— no prompt explosion
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Core collapse supernovae

Phase 3: post bounce/accretion phase

The neutrino reactions 2

@ Electronic charged current reactions
e +pe—N+ue
er+ne— p+ve
e +(AZ2)—~(AZ-1)+ve

' ' ' ' ' ' ' et + (A Z2) = (A Z+1)+7e
@ Neutral current reactions
e +et—ov+v
. N+NeN+N+v+v
10 ng 1 Ve + Ve < Vyjr + Ty
nuclei vt lt oy 4 et
'E' v+ N — U+ N
5 v+ (AZ) v+ (AZ)
g
ﬁ v-heating
T 10 Wv(neutrino sphere) i
v- cooling =
! v-Luminosity
.. % — Matter Flow
Shock N% ,.»/l*f—\ é
_~"" Heating \\\\
PNS + g E3lieg 1/
= A 3 / — Gain Radius
101 i 1 = T e 1 1 1 1 1 1 1 1 // % @ \\\ @
-0.1 0O 01 02 03 04 05 06 07 08 09 1 i, <_‘_
Time after bounce [g] ! -
\ & & ™ \/Spheres
\\\ @ \ /”%
GM dm » /
L, = (Laccretion; Ldiffusion) = | ——— —| ,4nr?cu % "
v ( accretion d|ffu3|on) ( r at ‘ v y /' S 4 t ¥ \

@Shinder & Shapiro 1982,Bruenn & Haxton
1991,Wilson & Mayle 1993
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Core collapse supernovae

Phase 3: post bounce/accretion phase

The neutrino reactions 2

@ Electronic charged current reactions
e +pe—n+ue
et +ne p+ve
e +(AZ2)~(AZ-1)+ve
et + (A Z) — (A Z+1)+7e

Important neutrino interactions eremases 25K Q Neutral current reactions

Raffelt (2001) Ak e +et vt v
N+N—-N+N+v+7D
Description: Number Sphere Energy Sphere Transport Sphere Ve + Ve < I/#/T + VN/T
. . . — / —
Emission & Inelastic Isoenergetic v+e I+ ey +e /+
Absorption Scattering Scattering v+Nov+N
> <\ V+(A72)HV+(A72)
g eo > Y
5 e ;
o A =
P S
£ y
5 Can be Pauli- Probability Strong energy o =S e
_g blocked in enhanced by dependence, ® & —>  Matter Flow
=) diffusive isoenergetic ~E"2 = . l R,
X regime scattering < \ il =y /
) . ,// 13 v +p~>[n,+c*ﬁ
Type Energy  Direction Energy  Direction Direction - / e ;G;;h Eodiun
Electron or Positron capture . . /Wy N i ool \ &
N — . . Inelastic coherent scattering of / LR ¥
Vetn = e+ +p Neutrino-electron scattering . tpinos on nuclei / W s |
Tetp = € +n vite = vie v+(A,7) 2 v+(4,72) Y. N
+(A4,2) 2 e +(A,Z+1) i i - ) \ » & j
Ve , =~ € A, Inelastic neutrino-nucleus lon-ion corr. (Itoh 1975 ... Marek 2006) Ve \ A ‘,\¥v pheres /
NN bremsstrahlung (Thompson etal.2002)  scattering Neutrino-nucleon scattering @\\ ¢ 1 Y /-
ve pair --> vu pair (Buras et al. 2003) v+4N = v+ N N N ~
¢

2Shinder & Shapiro 1982,Bruenn & Haxton
1991,Wilson & Mayle 1993
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Core collapse supernovae

Phase 4: (neutrino driven) explosion

The neutrino reactions 2

@ Electronic charged current reactions

€ +p—nNn+ruve

et +ne p+ve

e +(AZ)«— (AZ—-1)+re

et + (A Z2) — (A Z+1)+7e
= == © Neutral current reactions
e +et sv+7v
N+N-N+N+v+v
Ve +Ve < Vy/r +Vy/r
v+e/t o 4e/t
v+N—v+N
v+ (AZ) = v+ (AZ)

Explosive nucleosynthesis

(r, s, p, vp) - process

contracting

PNS

10'f .

(bulk nuclear matter) 5

-0.1 0 .0.1 0.2 03 04 05 06 07 08 09 1
Time after bounce [s]

aShinder & Shapiro 1982,Bruenn & Haxton
1991,Wilson & Mayle 1993
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Core collapse supernovae

Neutrino driven explosions?

— No explosions in spherical symmetry
(for progenitors > 8.8 M, O-Ne-Mg core) @

Multi-dimensional effects?
(rotation, convection, fluid instabilities...) ?

400

Physical time: =610 ms

200

r[km]
s[kr/barvon]

-200
Whitehouse et al. 2008 (3-dimensional, IDSA, in preparation)

-400
400 200

200 400

0
rlkm]

— Neutrino transport approximation
— Low explosion energies

@Kitaura et al. 2006, Nomoto 1984, 1987

bBurrows 1995/2006 (acoustic mechanism),
MacFaden & Woosley 1999 (magneto-rotational),
Blondin & Mezzacappa 2003 (MGFL, SASI),
Bruenn et. al. 2006 (MGFL, nucl. reactions),
Kotake et al. 2005 (SASI, GW),
Foglizo et al. 2007 (SASI),
Marek & Janka 2007 (ray-by-ray Boltzmann transport)
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Modelling core collapse supernovae in spherical symmetry

General relativistic hydrodynamics in spherical symmetry

1. Space time of a collapsing star: spherically symmetric and non-stationary 2@
r/2
ds® = —aPdt? + ﬁara»2 + r2(d6? + sinf9d¢?)
2. Conservation equations for energy and momentum
T =0
T =p(1+ e+
Tta — Tat —
-,-aa _ p+
T99 — To — P+

3. Interactions between the fluid and the radiation field ©

neutrino distribution function (phase space): f(t,a, u = cos 6, E)

@Misner & Sharp 1964, Liebendorfer et al. 2001a,b
bBruenn 1985, Mezzacappa & Bruenn 1993
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Modelling core collapse supernovae in spherical symmetry

General relativistic radiation hydrodynamics in spherical symmetry

(2a) Electronic charged current
1. Space time of a collapsing star: spherically symmetric and non-stationary 2 reactions
e +p—N+ue
et +ne p+ve
(2b) Neutral current reactions
e +et —v+v
N+N—-N+N+v+v

12
ds? — —a2df? + rr—zdaz + r2(d6? + sinP0d¢?)

2. Conservation equations for energy and momentum

T”;l;jzo Ve + Ve < Vy/r +Vy/r
vie/t oy +e/t
T =p(1+e+J) v+Nov+N
-,-ta: Tat:pH
T3 — pt oK

T =T = p i Jo(d~ K)
3. Interactions between the fluid and the radiation field ?

evolution of the specific neutrino distribution function:
F(t,a,u=cosf,E)=f(t,a,u=cosb,E)/p

+1 fe'e)

J:/ dﬂ/ E3dE F(t, a, 1, E)
1 0
+1 00

H:/ Mdu/ E3dE F(t, a, i, E)
—1 0

+1 0o
K:/ fdM/ E3dE F(t, a, u, E)
1 0

@Misner & Sharp 1964, Liebendorfer et al. 2001a,b
bBruenn 1985, Mezzacappa & Bruenn 1993
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Modelling core collapse supernovae in spherical symmetry

General relativistic radiation hydrodynamics in spherical symmetry

, . bt 4
1. Spherically symmetric and non-stationary spacetime (2a) Electronic charged current reactions
r'? :
ds® = —aPdt? + ﬁdaz + r?(d#? + sinf9d¢?)
(2b) Neutral current reactions
e +et —sv+v
N+N—-N+N+v+v
Vet Ve < Vy/r + Vs
3. Interactions between the fluid and the radiation field ? v+e/t e 4e/t
4. Boltzmann v-transport: dF /dt v+Nev+N

2. Conservation equations for energy and momentum

T =0

1 0F  O(4nrlapuF) or (1 %" ) o1 — ,uz)F+

ac ot ada r aor ou

(3|np+3u>a(u(1_N2)F)+[M2<<amp+3u>> 1u I_Ga]18(E3F):

acdt N acot “rc Maor| B2 GE

1E2
chdc3 .

. 2
/ i Ris(yt'. . EYF (i, E)— L E-C UL E)

Ry /d,u Ris(p, 1, E)

1 1 1

teme (p ~ F(u ) )) | dE'ERdy Rfies .11, E. EVF (' E')
1 1 1

s P E) [ dE % Ais(u. il E.E) (5 — FU. )

5. general relativistic treatment and conservation of energy, momentum and
lepton number °

@Misner & Sharp 1964, Liebendorfer et al. 2001a,b
bBruenn 1985, Mezzacappa & Bruenn 1993
°Liebendorfer et al. 2004
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Modelling core collapse supernovae in spherical symmetry

General relativistic radiation hydrodynamics in spherical symmetry

1. Spherically symmetric and non-stationary spacetime (2a) Electronic charged current reactions

r'? .
ds? = —aPdt® + ﬁda2 + r?(d6? + sinf0d$?)
(2b) Neutral current reactions

2. Conservation equations for energy and momentum e +tet —sv+v
N+N-N+N+v+v
TM§VV:O Ve""ve(_)V,u/T_'—v,u/T
v+e /Tt e/t

3. Interactions between the fluid and the radiation field
4. Boltzmann v-transport: dF /dt

v+N—v+N

1 0F n 8(47rr2ap,uF) F( 804) o1 —,uz)F+

ac ot ada r aor ou

<a|np+3u>8(ﬂ(1HZ)F)+[M2<(6Inp+3u)> 1y r@a]18(E3F):
rc

acdt EN acot “rec Maar| B2 GE

1E2
c h3cs

1 E2F(u, E)

B3 /d,u Ris(p, 1, E)

/‘ dII’/R/S(/I//a My E)F(/I/, E)_

1 1 1 i
tome (p — F(, E)) | o' ERdu Rifes .1 E.ENF (' E)

V1 rLE) / dE'E )i RO s(u, i, E. E') (1 ~F(, E’))

"~ ch3cd
r oY, 5} (rZNL)
Bt +4mmg 3 =0
5. general relativistic treatment and conservation of energy, momentum and
lepton number l

v, 0 (r zNye) _ 2mmgc 2 aY. orm
Ve _ N o BC 2
ot da h3c3 /_ / E"dE( ) (‘3 TS / / E"dE( )
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The equation of state

Hot and dense asymmetric matter @

The Thermodynamic regimes

@ T <0.5MeV : nuclear burning/nuclear reaction network
a

for simplicity 14 a-nuclei: *He . . . %Ni
for Ye # 0.5: a few off-a nuclei

@ T >0.5MeV : nuclei in nuclear statistical equilibrium
assumption: (A, Z) © ¢, a, (n,p)

© dissociated/bulk nuclear matter (n,p)
The independent variables
(T7 Ye7 nB)

The output
(p.e;s)

(Xm va XOM XA,27 mB;s 1Q, ,U,e)

aF.-K. Thielemann et al., Basel

bM. Hempel, J. Schaffner-Bielich; nuclei distribution (work in progress)
°Langanke et al. (2003), Hix et al. (2003)

40r
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Temperature, T [MeV]
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Temperature, T [MeV]
N @ A g ® N ® ©
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-185.8463 ms

RN
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Baryon density, ng [ /fms]

Figure: 40 Mg

-92.8958 ms

. . .
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The equation of state

The EoS

Figure: 10 Mg, Figure: 40 Mg,

Baryon density, Ng [1/fm3]
Baryon density, Ng [1/fm3]
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QCD phase transition in core collapse supernovae

QCD phase transition

@ Density increases above nuclear saturation (ng > ng)

© Temperature increases above 30 MeV 4 10 (a)
© Asymmetric matter (central Yo < 0.3) _ ol
g 0
conditions favourable for a phase transition from hadronic matter ﬁ -2f
to ’exotic’ (strange, quark) matter § -4r
2 -6
-8t

10 o' 10° 10°
Historic overview: Radius [km]
1 Takahara & Sato 1988: Relation to SN1987A (b)
- parametrized EoS and GR hydrodynamics | |v_spheres

14r

2 Gentile et al. 1993: Realistic EoS and GR hydrodynamics
- Formation of a SECOND SHOCK immediately after bounce
- Second shock merges with the first shock
- Possible observable? — No neutrino transport!
1 2 3

3 Nakazato et al. 2008: Realistic EoS and Boltzmann neutrino 10 10 10
transport Radius [km]

- very massive progenitors: 100 M — black hole formation © ‘

12r

107 bNs contraction

Iogm(Baryon Density [g/cms])

For the accurate prediction of three-flavor neutrino spectra: —— 443 ms
- General relativistic radiation hydrodynamics 367 ms ||
- Three flavor Boltzmann neutrino transport ——240ms ||

—> Spherical symmetry i~

- Low (10 My) and intermediate (15 M) mass progenitors? Radius [km]

a
Woosley et al. 2002 Figure: PNS contraction behavior
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QCD phase transition in core collapse supernovae

The quark EoS: MIT bag model for (u,d,s)-quark matter

Y =01
@ Early onset of the phase transition % |
(a) critical density close to saturation: 340
Ne~ ng=0.11—-0.13 fm=3 230/
(b) density and asymmetry dependent critical density: gzo—
Ne = ”C(T7Ye) 5107
@ Stable neutron star masses Mys > 1.44 M, (Hulse-Taylor pulsar) o ‘ ‘ ‘ ‘
0 0.1 0.2 0.3 0.4 0.5 0.6
© No stable (pure) strange quark matter Baryon Density [fm~]
© Compatible with heavy ion data o V=03
B!/* =162 MeV (1.56 M,,) , BY/* = 165 MeV (1.50 M.,) 34
'@ 30}
25 T T T T T T T %
© 201
g
2 & 10t
o0 011 012 013 014 015 0.6
] 15 Baryon Density [fm_s]
g Y, =05
- 50
3 40f
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@ Construction of the phasetransition using Gibbs

o

Baryon Density [fm‘s]

Figure: Phasediagram

(construct the hadronic chemical potentials from the quark chemical potentials to

ensure f-equilibrium) onset of the phasetransition (thick lines)

pure quark phase (thin lines)
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QCD phase transition in core collapse supernovae
QCD phase transition
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QCD phase transition in core collapse supernovae

Quark phasetransition during the early postbounce phase
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QCD phase transition in core collapse supernovae

Quark phasetransition during the early postbounce phase
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QCD phase transition in core collapse supernovae

Quark phasetransition during the early postbounce phase
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@ the adiabatic index reduces in the mixed phase
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QCD phase transition in core collapse supernovae

Quark phasetransition during the early postbounce phase
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QCD phase transition in core collapse supernovae

Quark phasetransition during the early postbounce phase
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QCD phase transition in core collapse supernovae

Quark phasetransition during the early postbounce phase
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QCD phase transition in core collapse supernovae

Quark phasetransition during the early postbounce phase

@ Matter converts from the pure hadronic into the mixed
quark-hadronic phase

@ the adiabatic index reduces in the mixed phase
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QCD phase transition in core collapse supernovae

Quark phasetransition during the early postbounce phase

@ Matter converts from the pure hadronic into the mixed
quark-hadronic phase
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@ Shock propagation over the v-spheres: 2nd neutrino burst
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QCD phase transition in core collapse supernovae

Quark phasetransition during the early postbounce phase

@ Matter converts from the pure hadronic into the mixed
quark-hadronic phase

@ the adiabatic index reduces in the mixed phase
— PNS collapse

© Matter reaches the pure quark phase

© Adiabatic index increases again: collapse halts

© Formation of a stagnation wave
(similar to the original Fe-core bounce)

© The stagnation wave meets the supersonically infalling
material at the sonic point:

— Formation of a SECOND SHOCK inside the PNS

@ Shock propagation — into the pure hadronic phase

© The shock turns into a dynamic shock : Pram = pU? < Pipermal
(difference to the first shock: no dissociation of infalling material!)

© Lifted electron degeneracy of the shocked material: — Y
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@ Shock propagation over the v-spheres: 2nd neutrino burst
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QCD phase transition in core collapse supernovae

Summary and Outlook

Summary Outlook
1 Investigation of the quark phase transition in core 4 Some models eject neutron rich material on fast
collapse supernovae timescales

1a Spherically symmetric approach/Failed supernova — Favourable conditions for the r-process?

explosion models
1b Constrain the quark model 5 Different scenarios?

1c Allow an early onset of the phase transition during the 5a Explosion of more massive progenitors vs.
early post bounce phase
5b Weak neutrino-driven explosion and a delayed quark

2 Confirm the formation of a strong second shock phase transition during fall back

— Explosions even in spherical symmetry 5¢ multi-dimensional simulations

6 More advanced/improved quark EoS(s)

Prog. Quark EoS tpb MQ Mpixed MPNS Eexp/
Me] [MeV] [ms] | Mo] | Mo] | [Me] | [10° erg]

10 162 255 | 0.850 | 0.508 | 1.440 0.44
10 165 448 | 1.198 | 0.161 | 1.478 1.64
15 162 209 | 1.146 | 0.320 | 1.608 0.42

211.496 | 0.116 | 1.700 | unknown

3 Release of a second neutrino burst (7e)
(significant increase in the mean-neutrino energies)

— detectable by present neutrino measurement
facilities (Super-Kamiokande, SNO)?

gmoment of black hole formation

38/38



	Core collapse supernovae
	Modelling core collapse supernovae in spherical symmetry
	The equation of state
	QCD phase transition in core collapse supernovae

