The search for the r-process in explosions of massive stars

Tobias Fischer

GSI, Gesellschaft fiir Schwerionenforschung GmbH, Darmstart (Germany)

EMMI - EFS Workshop on Neutron-Rich Nuclei, RIKEN Wako
June 16 - 18, 2010

tﬁeury



The origin of heavy elements in the Universe: massive stars

P I del I . - Stars more massive than 8 M,
re-collapse models: core collapse progenitors o _ ,
P pS® prog - Onion-like shape due to the nuclear burning history
) ) ) - High central temperatures (T > 0.1 MeV)
Figure: Non-rotating 15(12.64) M, progenitor @ o . ) )
- Extended 'Fe’-core (1.4 - 1.9 M) during Si-burning
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“Woosley et al.(2002). - Requirement: consistent modeling of all phases
(i.e. Fe-core collapse, bounce, explosion)
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@ Modeling core collapse supernovae in spherical symmetry

@ The supernova problem

© Nucleosynthesis relevant conditions in neutrino-driven outflows
@ The state of matter in core collapse supernovae

© Summary



Modeling core collapse supernovae in spherical symmetry

General relativistic radiation hydrodynamics in spherical symmetry

The concept Why spherical symmetry?

@ Spherically symmetric and non-stationary spacetime 2 o ,
@ Strong gravitational fields

2 _ 2.2 le o | 20 400 | i 2 2
BT = —elei M2 ga” -+ r(dv= + sin"0d¢®) @ Relativistic matter outflow

@ Conservation equations for energy and momentum . Relativistic effects

V, T =0
© Accurate neutrino transport
T =p(1+e+J)

Tl _ Tal _ ,H © Simulation times > 10 s

T2 — p 4 pK (beyond state-of-the-art multi-D modeling)

1
T =T% =p+ EP(J_ K)

© The (specific) neutrino distribution function The co-moving coordinate system

fl/ bl b ) E t; a7 9)
F.(t,a,u=cosb,E) = it a p, E) ( ¢)
_ P (eigentime, baryon mass, 2-sphere of radius
© The neutrino (energy) moments (1, a))
+1 (o9
J = (,72;3/ du/ E3dE F,(t, a, 1, E)
5 _J:1 ° The metric functions
T £ 3
A= (hc)3 /_1 “d“/o =esin g 5 a(t, a) (lapse function)
K = 2”/+1 dy [~ E%dE Fi(t .. E) s 2
(hC)3 1 noap 0 v\l a, [, r(,-,a):\/T/r_’_u
@Misner & Sharp (1964), Liebendorfer et al. (2001a,b, 2004) with matter velocity u = %
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Modeling core collapse supernovae in spherical symmetry

Three flavour Boltzmann neutrino transport

oF,/at (v = {ve,Tes e Ty} The collision term
(2a) Electronic charged current reactions
oF w0 e +p=n+v
woimB) = o (4nrfapF) et +neptD,
n r(1_13a>6[(1_uz)ﬂ e +(AZ) = (AZ—-1)+ue
r «adr)ou (2b) Neutral current reactions
Inp 3u\ 0 5 e +tet=v+v
=)= 1—
+ (aat )a {“( “)F] NtN=N+Ntv+v
_ Mr1806 1 ( ) Ve‘i‘?e\:\I/M/T"_gu/T
o Or E2 9E v+e/t =1 ye/t
aln p u ul 1 0 3 v+ N = v+ N (iso-energetic)
= (o r>r]28E(EF) J
+ i ~%F
1 E? P £ 1 E?F(u, E)
+ Eh3c3/d“ is(u's 1, EYF (1, E) — cW/du Ris(p, 1, E)
1 1 1 ion:
. Lo <p ~Fu, E)) /dE,E/ZdMIR;\?ES(M>M/7 E,EYF(/, E') Lepton number conservation:
- e B) [ dEERaN ARs(e i E.E) (£~ (. ) .y 4ﬁm3(aa) 0
l

The equation for the neutrino number:

0Ye 27rch

oY, 9 erVe 27rm c +1 _ / / 2
ar £ +4wmg <8a = B/ / E2dE YF) — ot (hc)?® J_ ESdE(/—1F)
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The supernova problem

Fe-core collapse and bounces

Photodisintegration
- Pressure loss
Electron captures
time: 229.9726 ms before bounce _
g sound speed]| 5 4, e +(AZ) = (AZ-1)+ve
2 =
E = 5 12 — Deleptonisation and contraction
S 2 g 10
Zz 4l Z ] The electron fraction:
Q c n,
%_67 8 B YPZFSEYe::Y—_ et
> c
-at g 4
-10 o 2 - Adiabatic collapse:
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(Loading animation)
0.8 Super-sonic vs. sub-sonic collapse
= 06 > 05 ——/_,./—_ "
o = Nuclear densities: collapse halts
= o 04 ]
S pal S g . ~3—4x10" g/cm?®
20 =0 p X g/cm
aes =
b 2 02
Eoz B — The core bounces back:
= w01
0 Formation of a Shock wave
0 0.5 1 145 0 0.5 1 145
Baryon Mass [solar mass] Baryon Mass [solar mass] . . a >
- Size of the bouncing core? ~ Yg
2Goldreich & Weber (1980)
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The supernova problem

The early post-bounce phase

Sources of energy loss

time' 034217 ms before bounce @ Dissociation of heavy nuclei (~ 8 MeV/ng)
“? 16 v-spheres
2 " soundspeed]l S 44 @ Neutrino escape 4 — 5 x 105 erg/s
- =)
E =, 12 o
< S 10 (deleptonisation, Y, ~ 0.1 near v-spheres)
> z g
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The supernova problem

The concept of neutrino-driven explosions in theory

Charged current reactions: heating/cooling

e +p = N+ v,

et +n = p+ i,

v-Luminosity

l — Matter Flow

\, .~~~ Heating -
P V.+nop+e

- S,
4 V.+p—on+ets \\/ 107
N : PR
B

Gaih Radius

\\

U
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| - &, pheres / contracting
b / ; | PNS (¥ - diffusion)
% : 4 10 ~ (bulk nuclear matter) _ . ‘ ‘ : |
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\\\ i ) ) ) )
/ % ; T > Figure: Evolution of selected mass trajectories.

Neutral current reactions: thermalisation

v+N=v+N (N=n,p),
scattering
Figure: S. Bruenn

v+et=v+et,




The supernova problem

The concept of neutrino-driven explosions in simulations

15 Mg, Liebendoérfer & Whitehouse (3D-MHD-IDSA, in preparation)

Spherical symmetry

@ 8.8 M, O-Ne-Mg-core @0 ¢
- Steep density gradient
- v-heating timescale ~ 10 ms
- Nuclear energy deposition

@ >9 M., Fe-cores
- v-heating timescale ~ 100 ms
- v-heating not efficient enough

— No explosions !

@Kitaura et al. (2006)
bFischer et al. (2009)
°Nomoto (1983,1984,1987)

Multi-dimensional models

| A

@ Rotation,convection,fluid instabilities
@ More efficient v-heating

@ Low Eeypiosion =~ 0.5 x 10%" erg

©Q v-transport approximations?

aBurrows (1995, 2006) (acoustic mechanism),
MacFaden & Woosley (1999) (magneto-rotational),
Blondin & Mezzacappa (2003) (MGFL, SASI),
Bruenn et al. (2009) (MGFL, nucl. reaction
network),
Kotake et al. (2005) (SASI, GW),
Foglizo et al. (2007) (SASI),
Marek & Janka (2009) (ray-by-ray)
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Nucleosynthesis relevant conditions in neutrino-driven outflows

Neutrino driven explosions in spherical symmetry and the early explosion ejecta

Enhanced neutrino heating

- Neutrino heating 2 not efficient to drive explosions

Figure: The initial explosion phase, 10.8 My, progenitor model. . . D
g P P ® Prog — Increased neutrino opacity and emissivity

e +p=n+ve, € +Nn=p+ipe

1]

Shock Explosion

m:
@ 4 revival shock g 14 ——30ms (in the region of low density and high entropy, i.e.
£ » : 2 1o - - -38ms outside the neutrinospheres 1)
; 0f—— = ‘= —-594 ms
= o 10 v
S -1 S . A Shock revival and Explosion
S =
;; 2 _ g 6 @Bruenn (1985) + N-N-Bremsstrahlung
g 3 Standing 7] /
o Accretion e 4
2 4 Shock 5
. g 2 The initial proton-to-baryon ratio of the ejecta
— o .
10" 10° 10° 10* 10° 10" 10° 10° 10* 10> - Shock propagation outwards
Radius [k Radius [k - . .
adius [km] adius [km] - Composition given by the progenitor model
— Shock heating: reduced degeneracy and hence
20 0.6 Y.>0.55 Ye ~ 054 — 057
o AT TN
I > 05 L5 (General agreement between different groups 2)
3’ 15 S 04 i
g 10 degeneracy c 0.3 Does the initially proton-rich material become
:;Jd, reduces £ o2 neutron-rich at later times ~ 10 seconds ?
g s ERS Y
0.1 Ly
; ATV v
0 1 "--2" V-’; 3 5 - . . " . 2Qian & Woosley (1996), Liebendorfer et al.(2001), Ramp &
10 10 10 10 10 10 10 10 10 10” Janka (2000)*, Janka et al.(2002), Liebendorfer et al.(2003),
Radius [km] Radius [km] Thompson, Borrows & Pinto (2003)**, Buras & Janka (2006),
Marek & Janka (2009)"
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Nucleosynthesis relevant conditions in neutrino-driven outflows

Evolution of selected mass trajectories in the neutrino driven wind

©

@ Direct explosion ejecta?

3
)

Ye > 0.5

@ v-driven wind:
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Initial ’slow’ expansion ~ s
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- Rapid acceleration ~ 100 ms
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- Wind termination shock ?
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The state of matter in core collapse supernovae

The equation of state

The different thermodynamic regimes, the baryons Figure: 40 M, (top) and 15 My, (bottom)

@ 7 < 0.5 MeV: (time-dependent nuclear reactions)

- Nuclear reaction network?
- Nuclear abundances used: (n, p, He, “He, 2C,...,6Ni)

© T > 0.5 MeV: (nuclear statistical equilibrium, NSE)
- RMF (TM1) and Thomas-Fermi approximation

- (n, p, “He, (A, Z)) (single nucleus approximation) ? ©

- Incompressibility, asymmetry energy (281, 36.9 MeV)

Iogm(Temperature, T [MeV])

@Thielemann et al.(2004)
b attimer & Swesty (1991), Shen et al. (1998)
“Typel et al. (2009), Hempel & Schaffner-Bielich (2010)

On top of the baryon contributions

(e, e"), v, ion-ion-correlations @ and v’s

8 10 12
log (Baryon density, p [g/cm

aTimmes & Arnett (1999)
10.4

Conditions for the quark hadron phase transition
Q@ T~10-100MeV, Yo ~0.2-0.3, ng~ ny
@ T- and Ye-dependent critical density, nc = ne(T, Ye)

10.3

0.2

© Critical density close to nuclear saturation density

ne=0.12—-0.24 fm=3 (2 — 4 x 10" g/cm?) 0.1

Iogm(Temperature, T [MeV])

8 10 12

’ The quark hadron phase transition in simulations of massive stars? ,
log (Baryon density, p [g/cm

4
l])'
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The state of matter in core collapse supernovae

The quark hadron phase transition in PNS interiors

Construction of the quark matter EoS x 10° 422.0531 ms post bounce
4, T T T 4
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B ol
- The MIT bag model for strange quark matter g: 8l
- The mixed phase: Gibbs construction S ;j
8 s

PNS evolution with quarks: collapse 10 Radius, :([)km] 10

@ Softening of the EoS in the mixed phase

- PNS collapse c
>_°" 0.5 1 %

@ Stiffening of the EoS in the pure quark phase 5 o4 log &
- Collapse halts LcLE 0.3 1o 6%’

- Strong hydrodynamic shock wave S o2 loasS
3 x

- Shock expansion and acceleration —s Explosions ! 5 o4 ,0_2(‘:3?

(even in spherical symmetry) o

) 10 10 10
Radius. r Tkm1 13/15
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Summary

Results of the quark hadron phase transition

The standard explosion scenario of massive stars:

Conditions indicate a weak r-process (if any) in neutrino-driven outflows — Missing input-physics ??7?

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

@ No direct signal form the phase transition __ 16 — i 1
. . I e i
©@ Shock crossing over the neutrinospheres 5 Jal S 5 c
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© Detection of the "QCD-burst” (ICEC,SK)2 ‘ ‘ ‘
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Summary

Outlook

The to-do list

@ Improved nuclear physics input
(v-hadron physics (e~ —captures, v-N-scattering ), quark-matter description (PNJL?), v-quark interactions)

© Detailed explosive nucleosynthesis analysis
© Alternative scenarios

© Multi-dimensional models of the quark hadron phase transition
(gravitational waves®, rotation, convection, magnetic field)

2G.Martinez-Pinedo & K.-H. Langanke
bSandin & Blaschke (2007)
°Abdikamalov et al. (2009)
9Nobutoshi et al. (2010)
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