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observations of r-process elements

abundances of
metal-poor stars

® CS 22892-052: Sneden et al. (2003)
B HD 115444; Westin et al. (2000)

¢ BD+17°324817: Cowan et al. (2002)
* CS 31082-001: Hill et al. (2002)

» HD 221170: Ivans et al. (2006)

<« HE 1523-0901: Frebel et al. (2007)
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[Sneden et. al., ARA&A 46, 241 (2008)] Atomic number

astrophysical sites: core-collapse supernovae or neutron star mergers?



compact object mergers
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compact object mergers

[Bauswein, Goriely, Janka, ApJ 773, 78 (2013)]
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Merger phase: dynamical ejecta

(due to shock heating or tidal force)
[Bauswein+, Rosswog+, Rezzolla+, Sekiguchi+,...]

>
Md,,{\ Ns | ns A7 iy, My, NS | BH
< CO>—= <<

/ \ [from Just et.al., MNRAS 448, 541 (2015)]

t~10ms Mg~ 1073 — 107 Mg
§<S10kg Y, 015



compact object mergers

[Bauswein, Goriely, Janka, ApJ 773, 78 (2013)]
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Merger phase: dynamical ejecta
(due to shock heating or tidal force)
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dyn

t ~ 10 ms
5 <10 kg

g

[Bauswein+, Rosswog+, Rezzolla+, Sekiguchi+,...]

Mej ~ 1073 =10~ Mg
Y, <0.15

BH/HMNS-torus phase: disk ejecta

(due to viscosity, recommbination, v-heating)

[Just+, Fernandez+, Perego+,...]

t ~ 100 ms — few s

%ej ~ 1073 — 1071 M,

\\\; 5 ~ 10-50 ks

Y. ~01-04
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dynamical ejecta : robust r-process

- different merging objects: [Korobkin, Rosswog, Arcones, Winteler, MNRAS 426, 1940 (2012)]
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dynamical ejecta : robust r-process

- different merging objects: [Korobkin, Rosswog, Arcones, Winteler, MNRAS 426, 1940 (2012)]
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- different equations of state:
[Bauswein, Goriely, Janka, ApJ 773, 78 (2013)]
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nuclear reaction network

Modelling r-process requires the knowledge of extremely neutron-rich nuclei,
such as masses, $-decay half-lives, neutron capture rates, fission rates and vyields.



nuclear reaction network

Modelling r-process requires the knowledge of extremely neutron-rich nuclei,
such as masses, $-decay half-lives, neutron capture rates, fission rates and vyields.

Experimentally measured properties/rates : NuDat & Reaclib.

Theoretical inputs :

e nuclear ground state properties: Moller+ 1995,

e (-decay: Moller+ 2003,

e o-decay: Dong & Ren 2005,

e (n,7) and (v,n) for Z < 83: computed with 4 mass models (FRDM, DZ31,
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2012,

e fission fragments distribution: Zinner, PhD Thesis 2007.



nuclear reaction network

Modelling r-process requires the knowledge of extremely neutron-rich nuclei,
such as masses, $-decay half-lives, neutron capture rates, fission rates and vyields.

Experimentally measured properties/rates : NuDat & Reaclib.

Theoretical inputs :

e nuclear ground state properties: Moller+ 1995,

e (-decay: Moller+ 2003,

e o-decay: Dong & Ren 2005,

e (n,7) and (v,n) for Z < 83: computed with 4 mass models (FRDM, DZ31,
WS3, HFB21), Mendoza-Temis+ 2015,

e (n,7), (7,n), and n-induced fission for Z > 83: Panov+ 2010,

e (-delayed & spontaneous fission: Zinner, PhD Thesis 2007 & Petermann-
2012,

e fission fragments distribution: Zinner, PhD Thesis 2007.

Solve the reaction equations with the initial composition determined by NSE
for a given set of (p, T, Ye)|1,=6cK, and the time profile of p(t).

Temperature is co-evolved taking account of nuclear heating.



astrophysical variations [Mopdoza-Temis et al. PRC 92, 055805 (2015)
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astrophysical variations [Mepdoza-Temis et. al. PRC 92, 055805 (2019)]
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r-process of slow ejecta

time=9.32E-01 s, T=7.66E-01 GK,

density=1.24E+03 g/cm®, R,s=1.075,
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DZ31_112188_gal.mp4

abundances at different phases

- third peak (A ~ 195) forms during the
neutron capture process.

- the position of the third peak sfifts in
between the times when R, /s = 1 and
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abundances at different phases
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abundances at different phases
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- third peak (A ~ 195) forms during the
neutron capture process.
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variation due to nuclear mass models

different (n,~) and (v, n) rates for Z < 83 with four mass models
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variation due to nuclear mass models
DZ31

time=9.32E-01s,  temperature=7.66E-01 GK, density=1.24E+03 glem®
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in DZ31, material piles at (N, Z) = (126,66), A = 192 at the time when
R, /s =1 and later shift to A ~ 195



variation due to nuclear mass models

Z, proton number

Z, proton number
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variation due to nuclear mass models
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r-process of fast ejecta

time=7.88E+00 s, T=6.36E-03 GK,  density=3.61E-05 g/lcm®, R, s=291.522, <A>=199.7, beta/(n,g)=4.00E-01
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abundances at different phases
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abundances at different phases

- slower n-capture rates — peaks at
larger A ~ 132 and A ~ 200

- distinct A =~ 132 peak due to the
long B-decay lifetime of 132Sn

- sub-dominant role of fission and
larger variations among trajectories
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abundances at different phases
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kilonova: electromagnetic signature of r-process

simple theoretical estimates assuming

lightcurve peaks at the time when

. . . .g., Met + 2010
Tdiffusion ™~ Texpansion - [e.g., Metzger :
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composition relevant for kilonova

- composition affects the thermalization
of photons, electrons, «, and fission
fragments

abundances at 1 day

- lanthanides and actinides dominate the
photon opacity

- radioactive -decays from the peaks
while the a-decays from A ~ 230

abundances at 1 week
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kilonova heating rates
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- slow ejecta dominate the energy 0 et eiocta | FADM !
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kilonova heating rates
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nuclear inputs may differ significantly,

due to different thermalization
efficiency of decay/fission products.
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disk ejecta

Disk model from R. Ferndndez+, Mgy = 3 My, Mgk = 0.03 Mg
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viscously-driven disk ejecta may supplement the dynamical ejecta

(also see works of Just+ 2015, Martin+ 2015)



summary and outlook

e Neutron star mergers may be the astrophysical site for the robust r abundances
due to the very neutron-rich ejecta.

e Nuclear physics inputs are essential in shaping the final abundance pattern.
e.g., a) the position and height of the peaks are sensitive to nuclear mass
model. b) 2nd peak is sensitive to the fission fragment distributions.

e The radioactive decays of the r-process products may power a kilonova. A
precursor due to the neutron decays may also be obtained from very fast
expanding material.

e Modeling the kilonova lightcurve again requires a good knowledge of nuclear
physics

e Disk ejecta may also contribute significantly.
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model. b) 2nd peak is sensitive to the fission fragment distributions.

e The radioactive decays of the r-process products may power a kilonova. A
precursor due to the neutron decays may also be obtained from very fast
expanding material.

e Modeling the kilonova lightcurve again requires a good knowledge of nuclear
physics

e Disk ejecta may also contribute significantly.

e model dependence of disk ejecta?
e role of neutrinos (and oscillations)?

e consistent/improvement treatment of nuclear physics?



