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What is the source of the r-process nuclei?

r-process elements present in very low
metallicity halo stars, suggesting it must be
a primary process

Abundance pattern of second and third

peak r-process elements in low metallicity
halo stars is remarkably similar to the
pattern found in the sun

Need lots of free neutrons

Site is one of the biggest questions of
nuclear astrophysics

CCSNe have long been implicated as the
site of the r-process

With GW170817, mounting evidence that
NS mergers may be the site
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Merger Mass Ejection
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Nuclear Evolution of the Ejecta

Dynamical Timescale for the Ejected Material:

T, =10 ms

Ejected Material is neutron rich:

Ye ~0.05—-04

Low initial entropy: A4
S ~1—230

Which implies a neutron to seed ratio
greater than 100
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Nuclear Evolution of the Ejecta

T =7.0 GK
Dynamical Timescale for the Ejected Material: 8 -3
p=22x10" gcm
T . =~10ms o
R
6] 404244 _DE::;::ISD
38 O
. . . . 36 00 IEmEE _
Ejected Material is neutron rich: ~ e Semaial D
A 2628 S= : ..;':.... ..'.
~ . 24 0 suRRERERAR
v 22 T swasssss
Ye N () . OO T 0 04 1%%0 qHT I.Id. .;: =5 56 60
Co X : a0 N
Low initial entropy: Initial distribution will be & a2
in NSE, clustered around ,* & 16
4

S ~ 1 — 30 < doubly magic nuclei (2’0

Which implies a neutron to seed ratio
greater than 100

INneutrons,tot

nbaryons o , , ,
0 20 40 60 80 100

Mass number A




> 12 22 Temperature = 5.71E+09 K L
2 — Temperature [K] 20 Density = 3.04E+07 g/ cm’ e
g — Density [g/ cm’] I ty = 3. g Lo
P — Heating rate [erg /s / gl L  Heatingrate=1.17E+19erg/s/g 102
— 0 416 & 100
o -4} 14 2 Entropy = 9.99E+00 kB / baryon 98
- © _ 94 O
5 8 12 § Ye = 0.130 92 o o 212
~N —12F 20 O EEEN 208
! 10 © 88 200 204
y —16} o 86
o
S —20} ° 0 82 = -LLiL : - = .
& () 80 "1"\_‘ o H R 1\-\_'1' 152
o —24f 78 sfesafs 188
- 4 76 u| o Leo 184
8» —28 = 5 T 3 5 = 9 74 C ] 176
- 10 10 10 10 10 10 10 72 O o
© Time [S] 68 0 o0 2 : z 168
164
o REEASEEER e Unstable nuclide
62 o oo ' 152 .
60 Qoo 148 O Stable nuclide
58 ogHo 140 144
54 - 0o DE ;3 B 136 = Missing nuclide
52 O oo s
50 0 Sessass! - 124 1t Closed neutron shell
github.com/jlippuner/SkyNet 48 oo O 120
4446 HL‘WH ol s 0 mix 1‘11\ 112 16 = Closed proton shell
a0 e 1op 104 108 Time = 1.00E-03 s
38 O
36 oQ T - 96 = 1.0 ms
34 u = L as
32 HHE C S s 84 -2
30 ] m ] | Em 20 1 10
28 T - = = , 76
26 . _um | E 7 -4
Z 24 O .==i§=ll . H 68 g 0.8 10
22 I EEEEEE 64 -
18 D HT m ©
16 = o o -8
14 = nw 0.4 10
12 44 7))
10 36 40 g 0.2 10°1°
8 32 12
a 24 28 -
= 20 0 10
z:jai 12 16 2 72 94 111 145 170 188 206 253 337
0 4 B > N Made with SkyNet by Jonas Lippuner neutrons 1% peak o peak rare-earth 3" peak fission material A
0

from Lippuner & LR, et al.

216

Abundance

228 232

224
220

Abundance
107°

107°

-6

-12

10

‘15



Nuclear Heating Rate
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* Power law heating rate (Metzger et al. '10, Roberts et al. '11, ...)
* Larger number of isotopes involved, sum of numerous individual decays
* Beta-decays, alpha decays and fission



Electromagnetic displays from nuclear decay
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Dependence of Nucleosynthesis
on Initial Conditions

e Changing the electron
fraction can substantially T E—Y.=0.01 Y.=0.19 Y.=0.25 Y.=0.50
alter nucleosynthesis in :
neutron rich outflows
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Dependence of Nucleosynthesis
on Initial Conditions
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Neutron-to-Seed Ratio of initial
NSE distributions
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Setting Ye in the Ejecta

Evolution of the electron fraction is governed by
Ve + M — € —+ P
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Weak Interactions in NS Mergers

— L, =1.e52 — L, =7.e53
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[ e ve = 7632 —— no neutrino interactions

See Wanajo et al. (2014) and
Goriely et al. (2015)
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Neutrino Transport in the Ejecta

see Wanajo, et al. "'14, Radice et al. 16, Palenzuela et al. 16
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Neutrino Transport in the Ejecta

see Wanajo, et al. '14, Radice et al. 16, Palenzuela et al. 16
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Neutrino Transport in the Ejecta

see Wanajo, et al. "'14, Radice et al. 16, Palenzuela et al. 16
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Neutrino Transport in the Ejecta

see Wanajo, et al. '14, Radice et al. 16, Palenzuela et al. 16
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Dynamical Ejecta in BHNS mergers
vs NSNS mergers
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Weak interactions in BHNS
dynamical ejecta

Low entropy tidal ejecta -> small
electron/positron capture rates

Neutrino reactions are
somewhat faster

-
250 km

N 2 1 _1
T, (r) =~ 67.8 ms ( ) L, 53T, 5

Still to slow to impact Ye significantly,
but can impact the first peak
nucleosynthesis in the dynamical ejecta LR, etal. 16



First r-Process Peak Production in BHNS
Mergers
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First r-Process Peak Production Method 2
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Disk ejecta

see e.g. Metzger & Fernandez 14, Just et al. 15, Siegel & Meter 2018

e Material in the remnant disk also
experiences a large number of
weak Interactions, beta-
equilibrates
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on the lifetime of the hyper-
massive neutron star
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Disk ejecta

see e.g. Metzger & Fernandez 14, Just et al. 15, Siegel & Meter 2018

e Material in the remnant disk also
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Jet Driven Supernovae

see Winteler et al. 2012, Nishimura et al. 2015, Moesta et al. 2018 Moesta, LR, et al. (2018)

* Rapidly rotating, magnetized SNe

e Full 3D Dynamics also important
here

* Kink instabilities in jet significantly
change dynamics and impact

nucleosynthesis
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Summary and Outlook

Ye distribution of the ejecta determining factor in the final composition
and properties of the transient

Weak interactions play a substantial role in setting the initial conditions
for nucleosynthesis

Going forward need better treatment of neutrinos during the dynamical

phase -> important to setting the electron fraction distribution via weak
Interactions

Sensitivity of r-process nucleosynthesis to input nuclear data of nuclear

reaction network calculations. How well is the lanthanide cutoff Ye
known?

Still some possible SN sites of the r-process

Hopefully observe a BHNS merger



