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r-process nucleosynthesis — flow and nuclear physics

n,p

charged-particle

reactions

>

n, o, seed nuclei

n-capture

4

[B-decays

h 4

n, a, heavy nuclei

e e e e e m i mm e m e m e mmm e m e mmmemem——————— a

fission (terminate the r-path)

- the neutron-to-seed ratio, R,,/,, governed by astrophysical conditions,
determines how far the r-process goes
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- the neutron-to-seed ratio, R,,/,, governed by astrophysical conditions,
determines how far the r-process goes

- nuclear physics determines the abundance distribution
— neutron separation energies (masses) determine the path
— (3-decay rates determine the relative abundances along the path
— neutron capture rates and ($-decay rates determine details of freeze-out

— fission distributions can largely shape the pattern if fissioning nuclei
dominate

**energy release during AND after the r-process are both relevant™**



Nuclear physics impact on low Y, ejecta — mass model

- dynamical ejecta from simulation of 1.35 My — 1.35 M5 model from
Bauswein+ 2013, 0.01 < Y, jnit < 0.06
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mass number, A

- different 3rd peak position and height due to the difference of neutron separation
energy prediction for nuclei slightly above N=126 shell closure



Nuclear physics impact on low Y, ejecta — mass model

- dynamical ejecta from simulation of 1.35 My — 1.35 M5 model from
Bauswein+ 2013, 0.01 < Y, jnit < 0.06
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- remain actinide boosted with Y, < 0.125 — 0.175

- depending on the (-decay lifetime prediction of actinides



abundances at 1 day

Nuclear physics impact on low Y, ejecta — mass model

At kilonova time, large difference for 220 < A < 240
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abundances at 1 day

Nuclear physics impact on low Y, ejecta — mass model

At kilonova time, large difference for 220 < A < 240

—
IO|
Tl

S
N

—_
G|
on

—_
<
(=3 ]

T [ B L e e ne =
- solarrabunlc:igre)cﬁ . 1507 5 decay
: 570:
P A ] )/
[S-decay bz31 : photon ~ 1 MeV
4, E
vy 14 1
7 A0S W ..."f iy ~ 0.5 MeV
A - ‘ l i .
% ¢ E
I TN TN .|..'h.|..-

140 160 180 200 =220 240 260

mass number, A o -decay

~ 6 MeV

[Hotokezaka+2016, Barnes+2016]



Relevant a-decays
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Nuclear physics impact on low Y, ejecta — mass model
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Nuclear physics impact on low Y, ejecta — mass model
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Nuclear physics impact on low Y, ejecta — mass model
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(fission ignored)

**a-heating may become dominant for ejecta with Y, < 0.15, smaller enhancement
in disk outflow or if neutrinos increase Y, of dynamical ejecta substantially**

**fission? If nuclei with A = 260 can survive...



Neutron-decay powered pre-cursor?
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BH-disk ejecta

— a-disk simulation from Fernandez, similar to Fernandez & Metzger 2013,
MBH = 3M@7Mdisk = 0.0BM@, Ro = 50 km, Ye,O = 0.1, So/kB/DUC = 8,
o = 0.03, XBH,spin — 0

e 45' ' ' ' ' ! E 10_25 | L L L B LR
= 35¢F 1 = :, solar r abundance
< : 3 = 3 a4 FRDM masses —
-~ 3 E 9 107 . DZ31 masses ----
; 2-5 - =] E 4

W 2 o - - 10

3 : 3

= 15F E % 107° L

g 1¢ 1 % !

o obELbLl bl bl L TS = §lh

0.1 0.15 0.2 025 0.3 0.35 0.4  1n7 Qi T IR R RSP

' B B
0 50 100 150 200 250
Ye,S A

[MRW, Fernandez, Martinez-Pinedo, Metzger, MNRAS 463, 2323 (2016)]



Nuclear energy release beyond a-formation?

Energy ~ 3 MeV/nucleon is released from a net reaction of 20n + 15a —8Zn
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5/2
((H((T)) =2.5 x 10" ¢ [% arctan (%)] erg g st for T < 6 GK

~ more “ejecta” for ¢ = 1.0 in a BH—disk simulation, and cure some
strange abundance anomaly



How important neutrinos are in merger ejecta?




How important neutrinos are in merger ejecta?

BNS dynamical ejecta: disk ejecta: [Lippuner+, 1703.06216]
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How important neutrinos are in merger ejecta?

BNS dynamical ejecta: disk ejecta: [Lippuner+, 1703.06216]
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Neutrino physics — flavor conversion

In the regime where neutrinos ~ free-stream
Equation of Motion: (0; + v - Ox)o(x,p,t) = —i[H(x,p, 1), o(x, P, )]
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Neutrino physics — flavor conversion

EoM: (0; + v - 0x)o(x,p,t) = —i|H(x,p, 1), o(X, p, t)]
H(x,p,t) O > (o, p’,t)— 0" (x,p’,t))(1 — v -v’') = non-linear coupling
Solving the full EoM is cubersome, but one can linearize the EoM and

analyze locally how the plane-wave (Fourier) mode of the off-diagonal term
in o evolves in linear regime. [lzaguirre+ 2017, Capozzi+ 2017]

Complex frequency solution in the dispersion relation of the plane-wave
< “flavor instability” leads to flavor conversion



Neutrino physics — flavor conversion

EoM: (0; + v - Ox)o(x,p,t) =

H(x,p,t) D) . (o(x,p',1)

Solving the full EoM is cubersome, but one can linearize the EoM and
analyze locally how the plane-wave (Fourier) mode of the off-diagonal term
in o evolves in linear regime. [izaguirre+ 2017, Capozzi+ 2017]

_i[H(Xa P, t)v Q(X7 P, t)]
— 0*(x,p’,1))(1 — v -Vv') — non-linear coupling

Complex frequency solution in the dispersion relation of the plane-wave
leads to flavor conversion

< “flavor instability”
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[lzaguirre+, PRL 118, 021101 (2017) ]

“fast” conversion can happen extremely close
to the v surfaces, provided that local angular
distribution of neutrino lepton number has a
“crossing” (more v, than v, in some solid
angle range, while more v, than v, in other
range)

[Sawyer+ 2005, 2009, 2016, |zaguirre+ 2016-17, Dasgupta+ 2016 ]



Neutrino physics — flavor conversion

Why is this particularly revelant for merger remnants?

Becuse they protonize, i.e., more ¥, emission than v, [Foucart Peregot, Jankat,. ]



Neutrino physics — flavor conversion

Why is this particularly revelant for merger remnants?

Becuse they protonize, i.e., more ¥, emission than v, [Foucart Peregot, Jankat,. ]
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[MRW & Tamborra, PRD 95, 103007, 2017]



Neutrino physics — flavor conversion

Lns./Ln.,, =135, Ry, =0.75R,,, hy, /Ry, = hs, /Ry, = 0.25, k = 0.
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Does the picture remain beyond the toy model?

Does this lead to flavor equipartition among flavors? if so, nucleosynthesis?



Neutrino physics — flavor conversion

- 3Ms BH + 0.3Mg, torus model

from Just+ 2015

— torus protonizes during the first
~ 100 ms, i.e., more /., over I, emission

— funnel region has v, over U, excess,
after ~ 30ms, unstable region gets

smaller afterwards

— Still, most of v-driven ejecta exposed to
neutrinos going through the unstable region
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[MRW, Tamborra, Just, Janka, in preparation]
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Neutrino physics — flavor conversion

**if** flavor equipartition occurs due to fast flavor conversion:
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[MRW, Tamborra, Just, Janka, in preparation]

— NS—disk system and dynamical ejecta?
— Any observational consequence?

— |f no fast conversion, matter-neutrino-resonances?



Summary

e Properties of neutron-rich nuclei play important roles in r-process abundance
distribution, including the actinide abundances and the kilonova heating rates,
particularly for low Y, ejecta.

e Fast neutrino flavor conversion (centimeter to meter scale!) will likely occur in
the merger remnants due to the crossing of local angular v, — 7, distribution.
More effort needed to understand the exact outcome but a flavor equipartition
may change Y, of the ejecta significantly.



