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Motivation

The Fundamental Forces of Nature in Core Collapse Supernovae

Electromagnetism Weak interactions Strong interactions

@ General relativity
Q@ Ideal fluid dynamics
© Strong gravitational fields

@ Raelativistic matter
velocities

@ Time dilation — oo
a(X, t) € [0,1]

(Lapse function)

@ Charged particles
(protons, ions)

© Magneto-hydrodynamics
© Initial B-field: 109~ G
@ Magnetars (B~ 10'° G)

@ /s (mass-less
ultra-relativistic fermions)
fl/(t? )?7 ﬁ)

© Radiation transport
(Boltzmann transport)

df, (t, %, B)

a2

© Diffusion/free-streeming
(neutrino mean free path)

@ The state of matter
Q@ T <[10%,10"8] K
(T €[1073,10% MeV)
Q pc[1,10'%] g/cm®
(nB € [10-16,0.6] fm’3)
Q Isospin asymmetry
(Ye =12 €[0,0.6])
© Time-dependent nuclear
reaction

Q@ Hot and dense nuclear
matter
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Motivation

The Global Picture: The Fate of Massive Stars

(degenerate C-O) White Dwarf, SNla

(low temperatures)é — shell He-bunring

|Low-mass Stars|<8 M, - >| Stellar Evolution|

'Massive Stars|8 - 75 M,

Fe-core <— Si-S-bunring <— (high temperatures)

Core Collapse SNe (SNIb,c, 1)

v

Proto-Neutron Stars (hot, lepton-rich)

Explosion | Fall-back

Neutron Stars (1.35-2.1 M) Black Holes Black Holes
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The Physics of Core Collapse Supernovae

General Relativistic (Radiation) Hydrodynamics in Spherical Symmetry

The concept

@ Spherically symmetric and non-stationary spacetime @ (t, a) (eigentime, baryon mass)

2 ,
ds? — _a2d? 1 lf_'zdaz + r2(d6? + sin? §dg?) (6, ¢) (2-sphere of radius r(t, a))

Conservation equations for energy and momentum
° 9 9y The metric functions

v TH = R : : .
v 0 Chip = [l = Eg“” =8rT,  (Einstein equation)
matter microphysics o(t.a) (iapse function)

T = p(1+e + )
Tta = Tat = r(t’ a) = \/m

Taa — p +
T0O — Tod — p + or .

u=——  (matter velocity)
a0t
m(t,a)  (gravitational mass)

@Misner & Sharp (1964), Liebendorfer et al. (2001a,b, 2004)




The Physics of Core Collapse Supernovae

General Relativistic Radiation Hydrodynamics in Spherical Symmetry

The concept Boltzmann neutrino transport

@ Spherically symmetric and non-stationary spacetime 2

dFy(t,X, V)

12 =
ds? = —aPdf? + 5 da? + r3(d6? + sin® 9dg?) dt ) )
' e Ol L i } Transport
©@ Conservation equations for energy and momentum ot ox ot = ov ot
OF, OF,
py " _n uiV_ru VAT "V
VVT 0 (p XM vrP P 8,0“)
matter microphysics dF.
— - — Q(F,) } Collisions
Tt — p(1 +e + J) at collisions
Tta_— 1at — pH
T2@ — p + pK
TR=T% = p  + -k

The neutrino distribution functions e
° P = [ dpFixp)

F, (t,X,V) S
e =/ d°p p" p” F(x,p)

- OF,
3 vy — v
/ d ( 8xu Fop P’ 8p/~‘> = Vu'(x)

- [ dpar)

o0 oF, oF,
3 o 14 UV T 14 _ 1
/_ Ood pp (p"axu —.p’p apu> = V,e(x)

= d®*pp’ Q(F,
@Misner & Sharp (1964), Liebendorfer et al. (2001a,b, 2004) /—oo o ( V)




The Physics of Core Collapse Supernovae

General Relativistic Radiation Hydrodynamics in Spherical Symmetry

The concept

@ Spherically symmetric and non-stationary spacetime 2

12
ds? = —a2dt? + rr—zda2 + r?(d6? + sin? 0d¢?)

@ Conservation equations for energy and momentum

vV, TH =0
matter microphysics
L Eodies 4
Té=Ta = pH
8 = p + pK
T#=T# = p  + Jold—K)

© The (specific) neutrino distribution function

F,(t,a,u=cosé,E)= f”(t’i)’”’E)
© The neutrino (energy) moments
J = (:;3/:1 du/OOOESdEF,,(t,a,u,E)
H — (,,22)3/:1 Mdu/OOO E3dEF, (t,a, u, E)
K — (,72:)3 /:1 pzdﬂ/oooE:”dEFy(t,a,u,E)

aMisner & Sharp (1964), Liebendorfer et al. (2001a,b, 2004)




The Physics of Core Collapse Supernovae

Three Flavor Boltzmann Neutrino Transport in Spherical Symmetry

dF, /dt: (V = {Ve, Ve, Vy/7s Du/f}> The collision term
(2a) Electronic charged current reactions
OF o e +tp=n+ve
wE) = £ (47Tr apF) et +n=p+7ve
adt aa e+ (AZ)=(AZ—1)+1
1 1 aOé a 2 3 S— N - ,/e
+ T (r N a@r) ou {(1 —H ) F} (2b) Neutral+current reactions
dlnp 3u\ 9 5 e +te"=v+v
+ <o¢8t+r)6u{u(1_’u>F} N—i—/i/ﬁN—i—N—i—iu—i-ﬁ
1 aa 1 8 Ve+Ve\:\VM/T+Vu/T
- Mo EE (FF) vrelt e et
9ln 3u ul 1 9 v+ N = v+ N (iso-energetic)
) e /
ot r r oE

i(E
I
1 E? 1 E2F(u, E)
cHR / du'Ris(u', p, E)YF (', E) — CTCS/d“ Ris(. 1/ E)

L1 (:) _Fu ) /dE’E’zdu Rieo(u, 1!, E, E')F(', E')

Lepton number conservation:
c h3c3

2
11 1 =12 o, 1 pout ! ! 1 T =] LYL+477m M:
- EhTCg,F(MaE)/dEE du' Rnes(p, ', E, ET) ;—F(M,E) ot B 9a

{

Evolution of the electron fraction

The equation for the neutrino number:

oYy, 9 (rZNVe) 2rmgc [ * 5 J ot~ (hc
_ L sF
Oe 4 drmp—_ e /_1 dﬂ/o E2dE (/)ﬂ ) —

10/35



The Neutrino Observables

2rc [T 0
L, = 4rr? 7/ d/ E3 oE F,(t,a, u, E
TP ThoE )y AR ), (t,a p, E)

Definition: Neutrinosphere

In the transition from a dense and for neutrinos
A — opaque regime to a (semi-)transparent environ-
f‘11 duJo~ E% dE F(t & 1, E) ment, the neutrino flavor {ve, Ze, v, /7, 7,,/, } and
J&{ du f5° E2dE F,(t,a,u, E) energy E dependent sphere of last scattering is
defined via the optical depth as follows

(Eu(t, a))rms = J

= P r 2
> v-Luminosity 7(E) := NE) — (1)
—  Matter Flow
l where ) is the neutrino energy dependent total
13 v G neutrino transport mean free path and r is the
e i 1' -y distance to the center.
\/, B ﬁ \\\‘/ A= Aven + Asep + AN + Aot + Ao
i e — / B
w P "é ¢ 5\ N Remark
J;‘ \ & @ The neutrinospheres are typically expres-
;‘ \‘b h 3 ‘0 ¥ \ @ \'-., sed via the radii R,, obtained from the en-
j / " C o & - \'-. ergy integration of (1).
b II o Proto-Neutron ‘_'| . @ Due to the different reactions contributing to
e |

| Star () / [ the different flavors, the following hierarchy
'-. {v-d:ﬂ‘usmn] % / .-'l holds

\ @ \;Q a R, > Rs, > Ry, >R, ..
“g/em’ Neutrlnﬁsnheres

© From expression (1) follows, inside R,
N “10 g”cm neutrinos are trapped (diffusion) where
/ ‘x_ > \ outside R, neutrinos can be considered
““‘-a.__ TNm g’cm - free-streaming.

T \Standinu Accretion Shock

11/35



The Physics of Core Collapse Supernovae

The Equation of State in Core Collapse Supernova Simulations

The different regimes: the baryons Non-baryonic contributions
@ | T < 0.5 MeV | (time-dependent nuclear reactions) ((e7, e"), v, ion-ion-correlations)

The nuclear abundances n; = pY;/mg

2Timmes and Arnett (1999)

(n, p, 2H, 3H, 3He, *He, 6Li, . . . ,'2C, . . ., >*Fe, %Fe, %6Ni, 60Zn)

on; . mB aY; mB i

ot p ot Z NjA;Yj + Z CAYUTRALE The independent variables
— Maxwell-Boltzmann gas + nuclear binding energy 2 T (e), ng, Yp

@ | T > 0.5 MeV | (nuclear statistical equilibrium, NSE) The EoS output

- Compressible liquid-drop model incl. surface effects © hydrodynamics: p, s, e
- RMF (TM1) and Thomas-Fermi approximation © neutrino transport:
Hn, Hps Hes Xn, Xps X(A Z)
- The composition: (single nucleus approximation) (weak interactions)
(n, p, “He, (A, 2))

Compressibilities, symmetry energies:

(180, 220, 375), 29.3 MeV)?, (281, 36.9 MeV)°

@Thielemann et al. (2004), Audi et al. (2003)
bLattimer and Swesty (1991)
°Shen et al. (1998)

12/35
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Core Collapse Supernova Phenomenology

The End of Stellar Evolution of Massive Stars

Stellar Buming Shells

=z T e T
o
- Onion-like shape g . ——
(due to the nuclear burning history of the stars) = S / -HH,‘:\
: 7 fission TT—
56Fa 56N & B
- The most stable elements: *°Fe, >°Ni G gl | [Be i
. . w
(largest binding energy per nucleon) 2 (L /
2 /
- The origin of heavier elements ? z i fusion 1
(O]
g 3
o
232_238U, 238_244PU, 202—208Pb lé_r , } . . )

o« 8 uEw®mN 30 60 90 120 150 180 210 240
MASS NUMBERS A
14/35



Core Collapse Supernova Phenomenology

The Fe-core Collapse and Bounce

Figure: 15 Mg?
Photodisintegration
@ Pressure loss

time: 229.9726 ms before bounce Electron captures
& 18
“““““““““ £
ol sound speed || 2 14 e +p — N+ e,
e o— S 12 e +(AZ) = (AZ-1)+ve
L . L =)
<t Q)
= < 10 — Deleptonization and contraction
2z 4 2 8
8 . = & The electron fraction:
[T ] Mo __ .
= _8, g 4 Yp:nfg_Ye—Yf_ et
i
-10 ‘ ‘ ‘ D 2 ‘ ‘ ' : .
0 0.5 1 15 0 0.5 1 15 @ Adiabatic collapse:
Baryon Mass [solar mass Baryon Mass [solar mass] .
(Loading animation) - T and p increase
06 - Yo decreases
=08 | 05 —/ © Nuclear densities: collapse halts
= S 04 | 14 3 3
o 5 p=3—-4x10"" g/cm®(~ 0.18 —0.24 fm™°)
204 5 03
5 c (Dissociated nuclear matter)
o 2 02
502 g
= w01
. | | | | | . — The core bounces back: Shock wave
0 0.5 1 1.8 0 0.5 1 1.5 .
Baryon Mass [solar mass] Baryon Mass [solar mass] © Formation of the protoneutron star (PNS)

Woosley, Heger & Weaver (2002)
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s15e-collapse.mov
Media File (video/quicktime)


Core Collapse Supernova Phenomenology

The Fe-Core Collapse and Bounce in the Phasediagram

0ms
-108.3133 ms — - 305
2
10 --T=0.5 MeV ||
-~~~ nuclear density 0.45
-=~-T-0.5 MeV L loa
é r 10.35
5 ool =
210 - L 103
= g
o 2 0.25
] ©
%;. qé‘ 0.2
5 10° 2
= 0.15
0.1
0.05
-1
10 10 0
10 ° 10° 107 10° 10° 10° 10° 107 10 107° 10 10 107 10° 10° 107" 19 107 107 10° Yo
Baryon density, ng [fm™] Baryon density, g [fm™]
(Loading animation)
2
10
----- nuclear density ]
---T=0.5 MeV - 12.8
F 12.6
g 10" _ 12.4
>
= > 122
. z
s = 12
g g
2 3 1.8
£ 0 ®©
g 10 8 1.6
5
2 1.4
1.2
10" 1
= -9 -8 7 -6 5 -4 -3 2 o
10 10 10 10 10 10 10 10 10 10
Baryon density, ny [fm™] 0.8

107° 10 10° 107 10° 10° 107 107 107 107 Log<A>
Baryon densny,n [fm™]
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s15e-collapse-eos.mov
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Core Collapse Supernova Phenomenology

The Fe-Core Collapse and Bounce in the Phasediagram

0ms
10% _ 0.5 The different phases
- - -nuclear density
-—= T=0.5 MeV L 10.45
loa @ 7 <0.5MeV (non-NSE)
S 10.35 . 0 .
210 - Time-dependent nuclear reactions ('2C, 160, 28Sj, 32S)
- 10.3
9
2 0.25 - Heavy nuclei up to %6Fe and %6Ni
“é 0.2
o 015 @ T > 0.5MeV (NSE)
0.1 - A
(nuclear statistical equilibrium)
0.05
10 0 ~ ~ 103
10" 10° 10 107 10° 107 107 19 107 107 10° Ve Q T~2MeV,ng=~10
Baryon density, ng [fm™]
- heavy nuclei (A) > 200
10 B - X(a,z) decreases, Xignt cluster> Xn, Xp iNcrease
12.8
12,6 © Y. reduces: nuclei become neutron-rich
12.4
= 10 loo — The neutron drip line (ng ~ 1073 fm—3)
=
- 12
g
= 1.8
o
g 1.6
5 10" NS 14
= ,fjﬁw@\ ’
fm=e ) - 1.2
5‘1}"&??\
qﬁb%\ N N 1
non-NSE*« NSE 0.8
10 -10 -9 :

107 10 10 107 10° 10° 10 10 107 107  Log<A>
Baryon density, Ny [fm™]
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Core Collapse Supernova Phenomenology

The Fe-Core Collapse and Bounce in the Phasediagram

0ms
10° , 0.5 The different phases
- - -nuclear density
- - T=0.5 MeV L 10.45
loa @ 7 <0.5MeV (non-NSE)
% 10 10.35 . .
= - Time-dependent nuclear reactions
= 10.3
g : :
2 0.25 - Heavy nuclei up to °®Fe and ®®Ni
“g’ 0.2
o 015 @ T > 0.5MeV (NSE)
0.1 - A f
(nuclear statistical equilibrium)
0.05
10 0 ~ ~ 103
10" 10° 10 107 10° 107 107 19 107 107 10° Ve Q T=~2MeV, ng~10
Baryon density, ng [fm™]
- heavy nuclei (A) > 200
- - X(a,z) decreases, Xight cluster Xn, Xp increase
12.8
los © Y. reduces: nuclei become neutron-rich
12.4
s |p o — The neutron drip line (ng ~ 1073 fm~3)
E 1
- - 2 " :
g - 18 @ Transition to in-homogeneous nuclear matter
© 'i:: ’
g_ :§ S 1.6 _2 -3
€ ;0 15 nB - 10 fm
2 NSE : 1@1Z 1.4 . . .
o 1315 (structure formation: pasta, spaghetti, Swiss-cheese)
[ ~ XY § 18 1.2
5 . =
o) > 3.2 ! © Homogeneous nuclear matter (ng ~ 0.1 fm=3)
non-NSE "~ NSE 3! 0.8
10 - !
107 10 10° 107 10° 10° 107 197 107 107" Log<A>

Baryon density, Ny [fm™]
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Proto-Neutron Star evolution

time: 0.34217 ms before bounce

“““““““““ sound speed |

2,

Velocity [10* km/s]

I 1 ‘2 ‘3
10 10 10
Radius [km]

Temperature [MeV]
S = N W R 00~ o0

I 1 ‘2 ‘3
10 10 10
Radius [km]

Baryon Density, Iogm(p [gfcm3])

Electron Fraction, Y

Core Collapse Supernova Phenomenology

P
oo O N R O

RN B

(Loading animation

0.6
® 0.5
0.4
0.3
0.2
0.1

v-spheres

I‘I I2 3
10 10 10
)Radius [km]

I‘I I2 ‘3
10 10 10
Radius [km]

@ Sources of energy loss:
- Dissociation of heavy nuclei (~ 8 MeV/ng)

- Neutrino escape: 4 — 5 x 10%3 erg/s
(deleptonization, Y. ~ 0.1 near v-spheres)

Figure: Neutrino luminosities

_5

%4’ - - -anti-v_ ]

3 .
ESf _‘_‘(antl)vmf
>

22

o

C

£1)

3

_IO L 4;’"_'(_‘_ - = e
-200 -100 0 100 200

Time after bounce [ms]

(The deleptonization burst)

© PNS evolution is given by:
- Mass accretion vs. v-heating/cooling

- PNS compression (timescale ~ 100 ms)
(Central T and p increase, Y, decrease)

19/35
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Core Collapse Supernova Phenomenology

The Post-Bounce Evolution in the Phasediagram

702.852 ms
102 i 0.5
---- nuclear density - - -nuclear density
-~ T=0.5 MeV 045
-==-T=0.5 MeV :
0.4
= 1 3 0.35
% 10 g
— [ 0.3
g s
3 E 0.25
g g
2 g 0.2
£ 0 £
o 10 )
a F 0.15
0.1
0.05
10 o 9 8 7 6 5 4 -3 2 B 10 0
10 100 100 10" 10 10" 10 107 10° 10® 107 10° 10° 107 197 10® 107 10° Ve
Baryon density, ng [fm™] Baryon density, ng [fm™]
(Loading animation)
10°
2
----- nuclear density 10 28
ol Dissociated Nuclear Matter ”e
= 24
>
10 =
2 % 10’ 22
— =3 T
& [l i '% 2
2 9 i 1R
g E 1510 1.8
3 9 1 % ch
£ 4o g 1518 1.6
= §10° 'S 12
A 1812 1.4
19'Q
2 8 1.2
oig 1
10" &
2 -9 -8 7 -6 5 -4 -3 2 -1 » @ 0.8
10 10 10 10 10 10 10 10 10 10

10
Baryon density, ng [fm™] 107 10 10° 107 10° 10° 107* _130*3 102 10"  Log<A>
Baryon den5|ty,nB[fm ]
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Explosions of Massive Stars

Explosions of Massive Stars
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Explosions of Massive Stars

The Concept of Neutrino-Driven Explosions of Massive Stars in Theory

m» v-Luminosity

l —> Matter Flow

J R

_,f” ¢ (heating) ~~.
,f v+n—=p+e '\\

+p—=>n+e

+|:)—:--n+ue
e+n—=p+z

{coollng] ‘\\ 6‘7

=10"gjem’ d? \

Prntn Neutrnn 4_‘
I ' Star ' |
I'.H k‘ & t}{u-uirrusiun}/;j o /
.

-~ l{lug,'c m3

« ~10'"g/em?
Y
.
/ T T”lﬂ gfcm g \

I \Standlng Accretion Shock

Neutrinﬁ%phe res

Why neutrinos?

~ 103 erg (energy of the neutrino radiation field)
~ 10°" erg (explosion energy, observations)

Alternative scenarios:
(a) Magneto-rotational 2 © ¢ (10'4-16 G, rotation rates)
(b) Acoustic mechanism? (controversal)

4LeBlank and Wilson (1970)
bBisnovatyi-Kogan et al. (2008)
“Takiwaki et al. (2010)
9Burrows et al. (1995, 2006)

Charged current reactions: heating/cooling

e +p = N+ v,
(e +{AZ) = (AZ-1)+ue),
et+n = p+ i,

Neutral current reactions: thermalization

v+N=v+N (N=n,p),
scattering{ (v + (A, Z) = v+ (A, 2Z)),
v+et =uv+tet
e +et=v+7,

pair reactions{ N+ N=N+N+v+v (N=n,p,),

l/e + De \:\ VH/T + ljﬂ/T’

22/35



Explosions of Massive Stars

Neutrino-Driven Explosions in Simulations

Spherical symmetry

@ 8.8 M, O-Ne-Mg-core @b¢
- Steep density profile

- v-heating timescale ~ 10 ms
Figure: 15 Mg, Marek & Janka (2009) (ray-by-ray)

- Nuclear energy deposition

@ >9 M, Fe-cores 400

Physical time: =610 ms
- v-heating timescale ~ 100 ms

- v-heating not efficient enough

— No explosions ! 200

@Kitaura et al. (2006) —
bFischer et al. (2009) E
°Nomoto (1983,1984,1987) R 0
e
- 18

Multi-dimensional models

@ Rotation,convection,fluid instabilities

s|kr/baryon]

@ More efficient v-heating -200

@ Low Eeypiosion =~ 0.5 x 10°" erg
©Q v-transport approximations?

-400

@ Axial symmetry only 400 200

2Burrows (1995, 2006) (acoustic mechanism),
Blondin & Mezzacappa (2003) (MGFL, SASI),
Bruenn et al. (2009) (MGFL, nucl. reaction network),
Kotake et al. (2005) (SASI, GW),
Foglizo et al. (2007) (SASI)
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Explosions of Massive Stars

First (Preliminary) Results from 3D MHD Simulations (v-transport approximation IDSA)

Liebendorfer et al. (2010) in

xz-Plane, Time wrt Core-Bounce: 0.10000 s

preparation

- Spherical Fe-core
collapse

R, Y,
S VR

- Spherical core bounce

- Asphericities shortly after

AN A A A A A A

bounce

- _ - Convection

8 8 .

S S - Increased v-heating

X -3 . .

2 2 efficiency

° g

- - Hydrodynamic

instabilities

(e.g. SASI, advective
acoustic cycle)

-
-
-
-
-
-
4
-
i
%
/
1
7
7
4
/
%
/

Space Coordinate [cm]
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Quark Matter in Proto-Neutron Stars

Quark Matter in Proto-Neutron Stars



Quark Matter in Proto-Neutron Stars

The QCD Phase Diagram '

% 200F m
= < Quarks and Gluons
= %- Critical point?
& 0 - Oq
2 |
e,
% ool | 2% Hadrons %
= - S 4”:59,
ﬁ} %ﬁ 4—}%\&"@ %O
BN %
& %
Color Super-
Neutron stars  conductor?
' VY i
. 1 ' 7/ _
Nuclei Net Baryon Density

'The GSI homepage, www.gsi.de
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Quark Matter in Proto-Neutron Stars

The QCD Phase Diagram

% 200F m
= EE:‘* Quarks and Gluons
= %- Critical point?
& % ) O
= i o
(4] -
e l G";‘f
ag_ o 2 Hadrons 6”%/
T:_I:'. S @ %
k3 A £ 5N
& & %
& 06@ )
& Color Super-
/ Neutron stars  conductor?
' F o i
0 —_ 7 ' 7/
Nuclei Net Baryon Density




Quark Matter in Proto-Neutron Stars

Construction of the Quark Hadron Phase Diagram

Quark matter descriptions and the mixed phase

Figure: The MIT bag model?, Y, ~ 0.3

100 < ‘ ‘ ‘ @ The MIT bag model
9ol K —— Onset Mixed Phase ||
< 80 R Pure Quark Phase (Fermi-gas, the bag pressure B defines confinement)
2 70 K
=3 E
o 607 B'/* =145, ... 200 MeV
2 %
g gg @ The PNJL model
2 ol '\,\ (Based on the QCD Lagrangian)
101 Y
% 01 02 03 04 05 06 07 o8 Similar critical densities:
Baryon Density [fm™] ne(T ~0) ~ 0.17 fm~3 (MIT bag)
ne(T ~0) ~0.18 fm=3 (PNJL)
i N b ~ . 0 g . . .
Figure: The PNJL model®, ¥, ~0.3 Different behavior of the critical density for finite T
100 — nc(T) reduces for increasing T (MIT bag)
90y P ne(T) increases for increasing T (PNJL)
3 oo
= 60l The problem: the transition from quarks confined in
% 501 hadrons to the quark-gluon plasma at finite T and ng
g 40f
E 30r .  Onsel Mixed Phase Construction of the coexistence region/mixed phase
fg’ L Pure Quark Phase (Maxwell construction, Gibbs conditions)
0 ! Thermodynamics

0 0.1 02 03 04 05 06 07 08
Baryon Density [fm_s]

@Sagert et al. (2009)
bSandin and Blaschke (2008)

(required for use in astrophysical applications)
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Quark Matter in Proto-Neutron

Evolution of the Central Mass Elements in the QCD Phasediagram (PNJL)

Temperature [MeV]

Temperature [MeV]

Figure: 20 Mg, non-exploding model

PNJL, Yp ~0.3

T T ‘L T T
40 1
30 1
20 1
10 1

0 1 1 ‘ 1 1 1
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Stars

The appearance of quark matter in PNSs

@ Non-exploding models

- Central ng and T increase on timescale ~ 1 second

- Continued rise of the enclosed mass

@ Explosion
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Quark Matter in Proto-Neutron Stars

Evolution of the Central Mass Elements in the QCD Phasediagram (MIT bag)

Figure: 20 Mg, non-exploding model

MIT bag, Y ~0.3
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Phase Diagram for 3-flavor Quark Matter Based on MIT Bag

T [MeV]

Figure: (MIT bag) Y, ~ 0.1, Y, ~0.3, Y, ~0.5
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Requirements of the model and dependencies

@ Isospin asymmetry

nC - nc(T, Yp)

@ Maximum Mass (Mass-Radius relation)

Quark Matter in Proto-Neutron Stars
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© Consistent with data from heavy-ion collisions

© Timescales to establish equilibrium

(production of strangeness)

u+d«<u+s
my ~ mg ~ 0, mg ~ 100 MeV
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Quark Matter in Proto-Neutron Stars

Proto-Neutron Star Collapse due to the Quark Hadron Phasetransition

Construction of the quark matter EoS

B'4-165 MeV, T=15 MeV
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- The MIT bag model for strange quark matter

- The mixed phase: Gibbs construction
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PNS evolution with quarks: collapse

@ Softening of the EoS in the mixed phase

- PNS collapse

@ Stiffening of the EoS in the pure quark phase

- Collapse halts

- Strong hydrodynamic shock wave

- Shock expansion and acceleration — Explosions !
(even in spherical symmetry)
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Quark Matter in Proto-Neutron Stars

Additional Neutrino Burst from the Quark Hadron Phasetransition

The neutrino observables QCD degrees of freedom: possible site for the r-process
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Summary

Summary

@ The standard scenario of core collapse supernovae assumes pure hadronic matter only

© The phase space occupied in core collapse supernovae:

T ~ 10, ...,100 MeV
ng ~ 01,...,05fm™3
Y, ~ 005, ...,03

— Conditions may favor quark matter over hadronic matter
© Quark-hadron (hybrid) EoS, n¢(T, Yp): (Non)Explosion models
© Construction of a co-existence region (mixed phase): reduced adiabatic index
© hydrodynamical contraction (collapse) and formation of a strong hydrodynamic shock front
— Explosions (even in spherical symmetry)
© The remnant: neutron star with quark matter at the interior (hybrid star)
@ Observations?
- Release of an additional outburst of neutrinos! (dominated by 7 and v, /)
- Gravitational waves ?

- Nucleosynthesis (r-rpocess) ?
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