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Solar system abundances (28 Si

Solar system abundances

Solar photosphere and meteorites:

chemical signature of gas cloud where the Sun formed

Contribution of all nucleosynthesis processes
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r-process path

neutron capture faster than beta decay
— high neutron density

seed nuclei + neutrons
Yn/Yseed > 100

stable nuclei 50

will be measured
with CR at FAIR

nuclides with
known masses

Iron




(Galactic chemical evolution

SM

2 ' » . .
& ) v
e R
. )
ﬁ‘ v 2 ;

» Artist's View of Star Form&ion in the Early Un verse

Fe 1

Sun

Fe/H L3 1

JUY i V.

The very metal-deficient star
HE 0107-5240
(Hamburg-ESO survey)

HE DIU7-224U: 4
Fo/H 1/64820000000

wlanse Ingcrs

2

Pepulation |
Fe/H = 1)

A85.0 A0 S AT
Yaodengil (rm)

spectra of Sears with Diffzrent Mewal Co-tent

.
) FE Plooac 2000 (W Dooder SEE Fopear Seethe s (e <..‘v",




Relative log €

Aloge

Alog €

I
o

o

|
o

I
o

==
==
12 )
s b -
Y IR . ;[ e SR =X - —E |
~o = ' i ; =5
1 F_ e L
-1 Irdividual steliar sbundanes eiiscts wiin respdct 10 Srmeres ol al, (2004
p— .
b c -
of o e e Sy -
9 Swaragn ahancance hifsats with reapacs te Arandnifct & (7009 *ztalar model
i | 1 | ' 1 | 1 I
o A 9 B0 s 86 a0

r-process In ultra metal-poor stars

. Silver _ Eu Gold |
- S a
% iy s

3

® CS 22802-052: Sneden et al. (2003)
B HD 115444 Weastn el al. (Z2000)

¢ BD+17°22481¢: Cowan et 2l (2002)
¥ CS 31062007 Hill et al, (2002)

B HD 221170 lvanz et al. {2005)

“ HE 1523-0007: Frabsl et al. (2007)

Atomic number

log(e(E)) = log(Ne/NH) + 12

Sneden, Cowan, Gallino 2008

| Abundances of r-process elements:

- ultra metal-poor stars and
- r-process solar system: Nsolar - Ns

Robust r-process for 56<Z<83

 Scatter for lighter heavy elements,

Z~40



Relative log €

Aloge

Alog €

r-process In ultra metal-poor stars

T T

! I

: % S S * | Abundances of r-process elements:
1 - ultra metal-poor stars and

i \%/:i 1 - r-process solar system: Nsolar - Ns

e 771 Robust r-process for 56<Z<83
\/\/V\ES%T@\M |

Scatter for lighter heavy elements,

_________ — s . |
:
> i v vjrrvy T T LNLENL BN LN LA L L LA DL

Silver Eu Gold

0

N - - e Yy

1
o p

|
o

I
o

120

i _ n—-16 | -
Irdivideal stallar sbundancs cHscts wiin rospdct 10 Srmeres ot o, (2004) 8 L | normelized to Er | % J
, g : st [ /Pe] [Ex/Te]-
1 c _ b 0 HE 1023-0001 408 &18 ]
% D CSINEz-00 408 M0 7 7
i S -2.0 G CS2PFR2-002 <08 »168 |
i i R w T 1 o O NEiRIS-312 se4 o10 ]
[ [ea) O C331C76~C1E 0Ad »LC I

— — & BD+17 3246 +02 +0.9
1 Seseraan abundance pifaats with mapacs te Arandnijet & (70999] *atalar madel” w O HD22:117T) +0.1 +08
: | i | \ ' \ | \ | 80‘245 I~ O HD 1156444 +02 +0.7 7|
an A 9 B0 0 80 a0 = & HD 175005 +0.1 +0.4
| D BD+10 2468 0.1 +0.1

Atomic number ~ O 822601 2C0 0.1 0.1
® CS 22892-052: Sneden st al. (2003) S _aol o Chrar e a3 oad

n . D CS25E7] - 1EE +0.1 0.3
B OHD 175444 Waslin el al. (Z2000) ‘J i O HD BYS0Y -9.1 -0y |
€ BD+17°32481 - Cowan et 21, (2002) =) i 4 WD 122583 -03 -05 ]
. log(e(E)) = log(Ne/Nw) + 12 o - , : 4 4
¥ 551062007 Hill vt al (2002) 9(e(E) 9(Ne/NH) - I / DIESEENIesy R vl

) . @ A\

B HD 221170, lvans et al. {2008) 2 =385 ka‘o i
< HE 1523-C001: Frebal et al. (2007) = typical uncertainty %/ Roederer et al. 2010 1
7 I » |

. - T T o 1o | T ot e S 1ol I VT WoT ETIE] | Oy PV IRTToNTTe] |ET T Tr e o T 1ol |ETVar o] TV Iorionr pot oo [Toryee 1o =1
Sneden, Cowan, Gallino 2008 20 50 60 70 80 80 100 110 120

Atomic Number



Relative log €

Aloge

Alog €

I
o

o

|
o

I
o

12

r-process In ultra metal-poor stars

. Silver Eu
\/\N&/\/:_ v =, Lo Yy

Gold

|

Abundances of r-process elements:

- ultra metal-poor stars and

- r-process solar system: Nsolar - Ns

-
% Pl - H ’
MBEQWM 1 Robust r-process for 56<Z<83
- — a4
-E;}?Vmeyjq\ﬁkwxﬁ
. 4= ==
—— Scatter for lighter heavy elements,
s L . | Z~40

. =2 w Ses S S A =
. e T 3
[ Imdiadeal stellar shundares oo = —
_ = HF‘BJ £09 ]
= ¢ HD T gégéi :
- :i ------------ %:wj - - Y 3
5_ n —1F i =
Suseraan abundance hifaats with mapac A\\.‘ = ?I" t al
l : | . N - . 24 4 .
an 40 9 B0 0 ‘-G,’ - . \I © =
Atomic numbar ch - ¢ ¢V & =
O -2 ° 3 A 7] =
® CS 22802-052: Sneden st al. (2003) — = " I/ i . I/ =
B HD 115444 Wastn et al. (2000) - . AN o ]
® BDH17°324817: Cowan et a1, (2002) | ) = | = ‘ . " g
¥ CS 31062-007: Hill wt al (2002) 0g(e(E)) = log( -3 N -
® HD 221170. lvans et al. (2008) - ' -
4 HE 1523-0001: Frebsl et a1, (2007) e E e b e . -

40 SC 60 70

Sneden, Cowan, Gallino 200¢

Flement, /



Lighter heavy elements: Sr - Ag

Ultra metal-poor stars: high and low enrichment of heavy r-process nuclei
-> two components or sites (Qian & Wasserburg):
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Trends with metallicity
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—jecta and nucleosynthesis

Top view: Side view:

shock heating

viscous heating

\ _' accretion disk

tidal torques hot MNS
dynamic ejecta neutrino-driven wind viscous ejecta
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Neutron star mergers: neutrino-driven wind

3D simulations after merger

disk and neutrino-wind evolution
neutrino emission and absorption
Nucleosynthesis: 17 000 tracers
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Neutron star mergers: neutrino-driven wind
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Neutron star mergers: neutrino-driven wind
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ime and angle dependency

Black hole formation determines time for wind nucleosynthesis
(Fernandez & Metzger 2013, Kasen et al. 2015) A

Early times: low Ye: heavy elements
Late times: Ye ~0.35: lighter heavy elements /
_ angle dependency
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L [erg/s]

ime and angle dependency

Black hole formation determines time for wind nucleosynthesis
(Fernandez & Metzger 2013, Kasen et al. 2015)

Early times: low Ye: heavy elements
Late times: Ye ~0.35: lighter heavy elements /
_ angle dependency
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Wind and dynamic ejecta

Wind ejecta complement dynamic ejecta

Complete mixing: solar system abundances and UMP stars
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Wind and dynamic ejecta

Wind ejecta complement dynamic ejecta
Complete mixing: solar system abundances and UMP stars

Partial mixing: Honda-like star?
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Height z [10° km]

Wind kilonova

Less or no heavy r-process depending on angle — lower opacities
- Wind kilonova peaks on blue after ~4 hours
- Dynamic ejecta kilonova peaks on IR after 4-5 days
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—quation of state and neutrinos

GR simulations: different EoS (Bovard et al. 2017)
impact of neutrinos (Martin et al. 2018)
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—quation of state and neutrinos

GR simulations: different EoS (Bovard et al. 2017)
impact of neutrinos (Martin et al. 2018)

Abundance Y
&

Abundance Y
&

capture

f.‘ low luminosity

50 100 150

Mass number A

50 100 150 200
Mass number A




Core-collapse supernovae

Standard neutrino-driven supernova:
Weak r-process and vp-process
Elements up to ~Ag

Bliss et al. 2018: astro uncertainties




Core-collapse supernovae

Standard neutrino-driven supernova:
Weak r-process and vp-process
Elements up to ~Ag

Bliss et al. 2018: astro uncertainties

Magneto-rotational supernovae

Neutron-rich matter ejected by strong magnetic field
(Cameron 2003, Nishimura et al. 2006)

2D and 3D + parametric neutrino treatment :
- Jet-like explosion: heavy r-process
- magnetic field vs. neutrinos: weak r-process

Nishimura et al. 2015, 2017, Winteler et al. 2012, Md&sta et al. 2018



Magneto-rotational supernovae: r-process

Neutrinos and late evolution are important
Martin Obergaulinger: 2D, M1, ~1-2s
Progenitor: 35 Msun
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Obergaulinger & Aloy (2017)
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Mass fraction

Impact of rotation and magnetic field
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Individual tracers

Entropy [kB/nuc]
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Nucleosynthesis patterns
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R-process nucleosynthesis:
nuclear physics and astrophysics challenges
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Astrophysics challenges

Microphysics in simulations: EoS, neutrino reactions

Neutrino transport
Magnetic fields

Long time simulations

Kilonova: transport, opacities
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Observations: how many r-processes? T /

Chemical evolution: how many r-process sites? ﬁ V\NW\W W,




Proton number, Z

Nuclear physics input

nuclear masses, beta decay, reaction rates (neutron capture), fission
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. Stable nuclei
Known nuclei
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Erler et al. (2012)



Nuclear masses

Abundances based on density functional theory
- six sets of different parametrisation (Erler et al. 2012)
- two realistic astrophysical scenarios: jet-like sn and neutron star mergers

. "
®e

Martin, Arcones, Nazarewicz, Olsen (2016)
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Two neutron separation energy: abundances
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Two neutron separation energy: abundances
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Two neutron separation energy: abundances

rare-earth
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Two neutron separation energy: abundances

Abundances
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Two neutron separation energy

Nucleosynthesis path at constant Sn: (n,y)-(y,n) equilibrium
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Two neutron separation energy

Nucleosynthesis path at constant Sn: (n,y)-(y,n) equilibrium
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Abundance

San/2 (MeV)
N W O

Two neutron separation energy: abundances
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proton number, Z

t:1.07e+00s / T:0.60GK / p»: 4.93e+02 g/cm’

Fission: barriers and yield distributions
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Neutron star mergers: r-process with two fission descriptions

2nd peak (A~130): fission yield distribution

3rd peak (A~195): mass model, neutron captures



Conclusions

Core-collapse supernovae:
wind: up to ~Ag
Magneto-rot.: r-process

r-process
path

r-process

Neutron star mergers:
r-process

weak r-process
Kilonova

Impact of nuclear physics and astrophysics

Observations to constrain astrophysics



