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Compact binary mergers

[Li & Paczynski 1998, Kulkarni 2005, Metzger+ 2010,

v Barnes+ 2013, Tanaka+ 2013 ...]
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~ isotropic, late — GW follow-up observations

— identification of host galaxy, direct probe of r-process nucleosynthesis condition...



Signature of the r-process

abundances in metal-poor stars & Solar
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[Tanvir+ Nature 500 (2013) 547, Berger+ ApJL 774 (2013) 23]
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Dynamical ejecta from mergers

[Goriely+, Korobkin+, Hotokezaka+, Wanajo+, Radice+,...]

Through tidal torque and/or collision Qs ds
during the merger, ~ 1073-10"1 M i, \ xs | ns 7 i, . s | BH

of matter are ejected during the first +<@> "'L‘m
few ms: Ve N\

— very neutron rich, Y, < 0.15, low entropy, s ~ 10 kg /nuc., and fast, ve; 2 0.1c

— form nuclei of A 2 110 with fission cycles



Dynamical ejecta from mergers

Through tidal torque and/or collision
during the merger, ~ 1073-10"1 M
of matter are ejected during the first
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— very neutron rich, Y, < 0.15, low entropy, s ~ 10 kg /nuc., and fast, ve; 2 0.1c

— form nuclei of A 2 110 with fission cycles

— nucleosynthesis pattern not sensitive to the initial binary nor the assumed EoS
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Disk ejecta from merger remnants

and neutrinos, also ~ 1072-10"1 M, of matter
can be ejected during a few 100 ms to seconds:

Through heating by viscosity, nuclear recombination @

— broad range of neutron rich material 0.1 <Y, < 0.5

— higher entropy, s ~ 20-50 kg /nuc., and slower, ve; < 0.1c @

[Just+, MNRAS 448, 541 (2015)]
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Dependence on the Initial condition of BH—disk system
[MRW Fernandez, Martlnez Plnedo Metzger, MNRAS 463, 2323 (2016)]
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— BH-spin, disk mass, and disk entropy can all affect the ratio of 1st-to-3rd peak
— Disk is non-degenerate, the dependence mostly influenced by its temperatrure

[S-def: Mgy = 3Mq,Mgisk = 0.03Mg, Ry = 50 km, Y. o = 0.1, so/kp/nuc = 8§,
o = 0.03, XBH,spin — 0 ]




abundances at 1 Gyr

abundances at 1 Gyr

Dependence on the Initial condition of BH—disk system

5 [MRW Fernandez Martlnez P|nedo Metzger I\/INRAS 463 2323 (2016)]
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— viscosity description is very important [see Siegel & Metzger, 1705.05473] for a

GRMHD simulation

[S-def: Mgy = 3Mq,Mgisk = 0.03Mg, Ry = 50 km, Y. o = 0.1, so/kp/nuc = 8§,

o = 0.03, XBH,spin —

0]



Disk Outflow Mass (Mg)

Relative contribution?

[Fernandez+, ANPRS 66, 2115 (2016); MRW+, MNRAS 463, 2323 (2016)]
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There are more dynamical ejecta in NS—BH cases while similar or disk-dominated
ejecta in NS—NS cases

It's likely that NOT all mergers produce the same r-process pattern/yields.



Elemental abundances vs. metal poor stars
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Can mergers account for the variations seen in metal poor stars?
[see also Just+, MNRAS 448, 541 (2015)]



r-process nucleosynthesis — flow and nuclear physics

charged-particle ] n-capture ,
n,p _ » n,a, seed nuclei »n, o, heavy nuclei
reactions [B-decays
fission

key quantity: the neutron-to-seed ratio, 2,,/,, before neutron captures start

(Aneavy) = (Aseed) + Ry /s if no fissions

- neutron induced fission terminates the path if neutrons are not used out
before possible fission

- [-decays determine the relative abundances between peaks during the
r-process, and the detail shape smoothing/shift during the freeze-out

- neutron separation energies affect peak height/positions and troughs
- fission distributions can largely shape the pattern if fissioning nuclei
dominate

— astrophysical conditions determine how far the r-process goes,
nuclear physics determines the abundance distribution



Nuclear physics impact on dynamical ejecta — mass models

different nuclear masses (neutron capture and the reverse rates)
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- different 3rd peak position and height due to the difference of neutron separation
energy prediction for nuclei slightly above N=126 shell closure

- large difference in A = 220 — 240 at the kilonova relevant time



abundances at 1 day

Nuclear physics impact on kilonova lightcurve
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[Barnes, Kasen, MRW, Martinez-Pinedo, ApJ 829, 110 (2016)]

— larger energy release per decay, and
— ejecta become transparent to S-decay s before light curve peaks

[p-decay

photon ~ 1 MeV

~ 0.5 MeV

« -decay i
~ e

« decay may dominate (3 decay contribution to the nuclear heating:



abundances at 1 day

Nuclear physics impact on kilonova lightcurve

N Mej:0.16M@,vej:O.25c
10° b solarrabundance e _ I [ — , :
: FRDM ; : :
DZ31 --==--- ] ]
o ? b
10" a-decay 4 §
i = h
?"'“, Lj E
: =
10° g 1. ;
: r j
10—5 T TN | T e .
120 140 160 180 200 220 240 260 29
mass number, A time (day)

[Rosswog et al, Class. Quant. Grav. 34 104001 (2017)]

« decay may dominate 3 decay contribution to the nuclear heating:
— larger energy release per decay, and
— ejecta become transparent to S-decay ~ys before light curve peaks

may significantly influence the determination of ejecta parameters



Effect of neutrinos on dynamical ejecta

the neutrino interaction timescale and the dynamical timscale of the ejecta
can be comparable, for ejecta NOT in the equatorial plane.
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Y. in dynamical ejecta can be significantly larger for NS-NS mergers
[see e.g., Wanajo+ 2014, Sekiguchi+ 2016, Radice+ 2016]
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Effect of neutrinos on disk ejecta

[Lippuner+, 1703.06216]
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If a black hole does not immediately form after merger, Y. distribution can be
sensitively depending on the life-time of the massive neutron star.



Neutrino physics — flavor conversion

protonization of the merger remnant <> negative neutrino lepton number

[Foucart+ PRD 94, 123016 (2016)]
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— potential v flavor transformation above remnants through the
matter-neutrino resonance when the v — e and v — v interacting potentials
nearly cancel, distinct from the core-collapse supernovae

[Malkus+, Vaananen+, MRW+, Zhu+, Frensel+,...]



Neutrino physics — flavor conversion

EoM: (0; + v - 0x)o(x,p,t) = —i|H (x,p,t), 0(X, P, )]
H(x,p,t) C >, (o(x,p",t) — 0*(x,p’,1))(1 — v - v') — non-linear coupling
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— potential v flavor transformation above remnants through the
matter-neutrino resonance when the v — e and v — v interacting potentials
nearly cancel, distinct from the core-collapse supernovae

[Malkus+, Vaananen+, MRW+, Zhu+, Frensel+,...]



Neutrino physics — flavor conversion

EoM: (0; + v - Ox)o(x, p,t) = —i[H (x,p, 1), o(X, P, )]
H(x,p,t) C >, (o(x,p",t) — 0*(x,p",1))(1 — v - v') — non-linear coupling

Solving the full EoM is cubersome, but one can linearize the EoM and

analyze locally how off-diagonal term in o evolves in linear regime.
[Banerjee+ 2011, Raffelt+ 2013, 1zaguirre+ 2017... ]

If the off-diagonal term grows exponentially <+ flavor conversion happens
at the time/length scale of the exponent

4 | cos(B8y)=+0.8 Gy =-05
Lt cos{8,) = -0.2 G, =+0.5

[ Complex w for real k;
2 in wavenumber gap

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

frequency, w

[Sawyer+ 2005, 2009, 2016, Izaguirre+ 2016-17, Dasgupta+ 2016 ]
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Neutrino physics — flavor conversion
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[MRW & Tamborra, PRD 95, 103007, 2017]

protonization naturally leads to crossing in angular distribution
above the remnant



Neutrino physics — flavor conversion
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[MRW & Tamborra, PRD 95, 103007, 2017]
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Does the picture remain beyond the toy models?

= 0.25, k = 0.

Im(w): rate of flavor conversion
in the linear regime

o ~ 4.25 ecm ™! x

Ly, 10MeV'\ [ 100km \ >
10°3erg/s (E,.) Ry,

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



Summary

e Ejecta from NH-NS/BH mergers and the remnant BH/NS-disk are promising
sites of r-process. The pattern/yields may vary from event to event.

e The dynamical ejecta can always reach the 3rd peak and above. Influence of
neutrinos determines how much A < 120 can be synthesized.

e The disk outflow can potentially produce all r-nuclei from A =~ 80 to U and
Th. Viscosity and the life time of the massive NS are the big unknowns.

e Nuclear physics affects the detail abundances in several ways and can even
play roles in the kilonova/macronova lightcurve interpretation.

e Neutrino flavor conversion will likely occur in the merger remnants. Fast
conversions may change the MNR paradigm and change the role of neutrinos
on nucleosynthesis and jet dynamics (if any).



