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NS-mergers and nucleosynthesis



Introduction

t = -8.466 ms

Simulation by K. Kiuchi

Gravitational waves



Binary NS is ...

t = -8.466 ms

+ One of the primary sources of GWs (targeted by ground-based detectors)

- Constituent masses

* Nuclear matter properties

* Promising site of heavy-element synthesis

Origin of elements

Electromagnetic signal (kilonova)

- Dynamics of the merger, post-merger activities



Origin of elements

~ Bilg-bang nucleosynthesis ~
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High n-richness, 7(n-capture) < 7(beta-decay)

Origin of (half of) elements heavier than iron
Is still unknown.




r-process In NS-NS merger

Symbalisty & Schramm 82, Eichler+ 89, ...

Simulation by K. Kiuchi
t = -8.466 ms

A fraction of matter becomes unbound.

Likely neutron-rich — r-process nucleosynthesis!



GWI708 17 and "Kilonova"

The first observation of GWs from NS-NS merger
Multi-wavelength follow-up campaign

Optical-NIR emission: consistent with "Kilonova"
Some elements identified [Sr, Ce, La, Te, ...]

[
©
-
- —
c
o
©
=
47
c
Q
-
©
Q.
Q
<L

5000 10000 15000 20000 25000 30000

o

MJD - 57982.529 Wavelength (A)

Andreoni et al. 2017; Chornock et al. 2017; Kasliwal et al. 2017; Pian et al. 2017; Smartt et al. 2017; Tanvir et al. 2017; Troja et al. 2017
Watson et al. 2019; Domoto et al. 2022; Gillanders et al. 2022; Perego et al. 2022; Tarumi et al. 2023; Hotokezaka et al. 2023




To understand what happens in NS merger...

Comparison of observation and theoretical models

Long lived
Short lived
Long lived + Dynamo -

0.3 050.7 1 2 3 4 5678 10 13
t/tz,dec

Performing numerical simulations is essential

Highly non-linear system with

- Strong and dynamical gravity

- Neutrino radiation (highly coupled to nearly free-streaming)
- Possible MHD effects



Time evolution and
mass ejection



Mass ejection activities of merger

Kiuchi, SF+23 (visualized by K. Hayashi)
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Dynamical mass ejection
(tidal force, shock heating) ~ 10 ms

— Disk formation



Mass ejection activities of merger
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Implications of humerical simulation:
Dynamical Ejecta



Neutron-richness

Measures efficiency of r-process

n . " ne nn .
Electron fraction" Y, := =1 — (= proton fraction)

nbaryon nbaryon

Lower-Y, < more neutron-rich



N-richness of Dynamlcal ejecta
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N-richness of Dynamical ejecta
Ye
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N-richness of dynamical ejecta

0.10F | Y, ~0.04-0.05 SPHOI2-150 .

5 | . . | Asymmetric merger

5 typical Ye of cold NS for p =~ 3 X 10™" g/cm

= 0.05 + Mainly tidal effect

L + ~Original Ye preserved
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Implications of numerical simulation:
Post-merger Ejecta




Short-lived massive NS
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+ Soft EOS and/or large total mass
. SFHo EOS (max. mass ~2.0M_,), total mass 2.7M, with different mass ratios

+ Collapse into a BH In 20 ms



Post-merger mass ejection

Coollng efﬁmency = Lum|n03|ty/Accret|on rate
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Neutron-richness of the ejecta
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Neutron-richness of the ejecta ===

| : jecta of SFHo 1.2-1.
At high temperature ' 2 1 — 2 MeV, Post-merger ejecta of SFHo 5 case

‘The shaded region contains 80% of ejecta mass
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Timescales

timescale Is shorter than dynamical time.
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Neutron-richness of

At high temperature T 2 1 — 2 MeV,

€
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timescale Is shorter than dynamical time.
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Timescales (s)

Ye settles into a (dynamical) equilibrium of
these reactions.
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expansion

=
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o In this case, Y, =~ 0.3.

Resulting Y, depends on the expansion timescale

(strength of the viscosity).

~30.3 F
0.2 b

01:

SF+20, 23
see also Just+22

the ejecta

Post-merger ejecta of SFHo 1.2-1.5 case
The shaded region contains 80% of ejecta mass
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Composition of the ejecta

Short-lived massive NS
equal -mass (|.35-1 35) asvmmetrlc (1.20- 1 50

1071

—— SFHol135-135
—— SFHol30-140 -

1074 b= an [ O —— SFHo125-145 ]
' : ' ‘ ' ' 3 * [ —— SFHo0120-150 3
—— SFHo125-155 1

Solar-like r-process pattern can be approximately reproduced
Irrespective of the binary mass ratio for short-lived NS cases.



Long-lived massive NS case

inspiral,

- Stiffer EOS and/or lighter total mass
. DD2 EOS (max. mass ~2.4M ), 1.35—1.35M

. NS lifetime 210 sec.



Long-lived massive NS case

Short-lived massive NS Long-lived massive NS
equal mass (|.35-1 35)

_asymmetnc (1.20-1 50) equal -mass (DD2 1.35-1.35)
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(If binary NS
Mergers leavin

ecta I1s too massive.
merger is the main r-process site)
g long-lived NSs should be minor.



Beyond viscous hydrodynamics model

* MHD: the most consistent way to model angular momentum transport.

Disk dynamics: Viscous hydro is a good approximation .. s reandeo

Hayashi+22, Kiuchi, SF+23
Wanajo, SF+ in prep.

+ MHD effect may be underestimated in the presence of a long-lived NS.

+ Strongly magnetized massive neutron star may drive a strong wind.

e.g., Ciolfi+17, Mosta+20, Shibata+21, Combi & Siegel 23, Most & Quataert 23, Kiuchi+24

+ The ejecta profile may be significantly modified xavagueni

Effects on kilonova lightcurves



MHD effects for long-lived NS case

Strongly magnetized massive neutron star drives a strong wind.

Kiuchi+24 (Visualized by K. Hayashi)
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— Sekiguchi's talk in the next!



Summary

Galactic BNS distribution(M,,, < 2.8M) — Temporal formation of massive NS

ot ~v

We can expect mass ejection!
Short-lived NS case:

; Asymmetric Equal-mass
+ Dyn. ejecta has Ye closer to original NS + Dyn. ejecta reprocessed
(= limit: BH-NS) > Higher Ye, broader distribution

- — solar abundance
-+ More post-merger ejecta

— solar r-process abundanoe . Post merger eJeota sub olomlnant

N
X [}
¥ z.
\ RSP, SO N S e POV IS, U LN VOO S SI A VD S, GUs LI VORI U SRS G N PP ~ ) S o ~ P VOO U S D Y O e Bl e e A A -_‘z/

Long-hved NS case:

+ Post-merger ejecta too massive.
» Fail to reproduce solar r-process abundance
. I\/IHD may be more |mportant for Iong lved cases

Thank you for your attentlon'
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Log N(A) (Ng = 10°)
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Log N(A) (Ng = 10°)
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Evolution path of mergers

Remnant evolution depends on the binary mass and unknown NS EOS.

Binary mass

prompt
. collapse 7 —
o J \ @ )
' NS

inspiral postmerger

Tl me Dietrich et al. (2021)



Evolution path of mergers

EOS that can support 2M NS — M, .1 S 2.8M, binary

form a massive NS at least temporarily.

Hotokezaka+11
Dietrich+17

Sinary mass Galactic binary NSs: Total mass 2.5—2.6M

-

U
. / > ‘\\\ .
) ¢ -~
\g \
L 4 - . v

oy
—_
™ -
o~

-
s
-
-
-

a8
G W I ‘\‘ : -
~d . - - /
[ i
’

e

inspiral postmerger

Tim e Dietrich et al. (2021)



Evolution path of mergers

Binary mass | BH+disk

M, . (dep. on EOS)

prompt
collapse

— —Prompt BH formation

Equal-mass (M; =~ M,) case: Negligible mass ejection

Sufficiently asymmetric case: Mass ejection by tidal fo
+ Disk formation

inspiral postmerger

Tim e Dietrich et al. (2021)



Evolution path of mergers

M, +M, < M, . (dep. on EQOS):
Binary mass (at least temporal) massive NS phase
Mass-ejection activities
C
inspiral postmerger

Tim e Dietrich et al. (2021)



Evolution path of mergers

EOS that can support 2M NS — M. 2 2.8M

. BH GW 190424 (3.4M,,)

Binary mass 0\ BH+disk

PSR J1946+2052
(2.5M,)

GW I

inspiral

postmerger

Tim e Dietrich et al. (2021)



Mass-ratio dependence of disk mass

Dis|k mass Iafter BH formation

0.10 7 20- -
120-1.50 —
t — tBH —=0.01s
0.08
=0.06 |
2 1.25-1.45
= o4l ° 1.30-1.40
' @
_ 1.351.35
0.02 2
OOO ] ] ] ] ]
0.80 0.85 0.90 0.95 1.00
Asymmetric+——mm Equal-mass

Disk mass (< Importance of post-merger ejecta)
is larger for the merger of more asymmetric binary (more tidal effect)



Neutrino cooling vs viscous heating

* Neutrino emission cooling

» MHD turbulence — Viscous angular momentum transport/heating
L U D
foeak S i Phase: weak/no outflow @

\, -y A
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— > g
d
N
'N 7
o 2 N %
h /!
l
- 7
\ 5 5

l

weak > L. phase: viscosity can drive outflow




Other properties

— T T
SFHo135-135
SFHo130-140
SFHo125-145
SFHo120-150

x = 0.00

x = 0.95 1

— T T
SFHo135-135
SFHo130-140
SFHo125-145
SFHo120-150
SFHo125-155

i — tmerge (S)
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Post-merger viscous evolution

Viscous hydro simulation of post-merger system srs
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1.20 — 1.50M,, CasSe:

A formed massive NS collapses into a BH in ~20 ms.
Post-merger ejecta Is developed after the cooling efficiency drops.



Ye of T=0 neutrino-less beta equilibrium u, + u, = p,

0.16-
0.14-
0.121

0.10-
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O 06 _ Togashi
. SEHo

0.04{  DD2 C
- s ~Saturation density

e Center of 1.35Ms NS o~ 2.6 X 1014 g/CmS

0.005 =gy

p (g/cm?)

1017



Time: 28.01 ms
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Dependence on EOS and binary parameter

oot — P Shock heating __
bigf M g Mo EOS  efficiency = Tidal effect
- ééi S : . : Mf'b Stfff LIOW Large
| 1.0 0.83 O.'7IM2(j.]6\>;1 0.56 0.50 SLy SOft ngh Small
Equail-mass Aéymmetric

For equal-mass (m,/m, ~ 1) binary, shock heating is the main mass ejection channel.

Softer (smaller radius) EOS: larger ejecta mass due to more efficient shock heating.

For asymmetric merger, tidal interaction is the main channel.

Stiffer (larger-radius) EOS: stronger mass-ratio dependence.

Hotokezaka+ 13, Bauswein+13, Dietrich+17



Farrows et al. (2019)

Pulsar Name My (M) m, (M) my (M) M. (M) q P, (day) T, (Gyr)
Systems Will Merge within a Hubble Time
J1946+-2052 2.50(4) <1.35 >1.17 (1.05, 1.11) (0.68, 1) 0.078 0.046
J1756-2251 2.56999(6) 1.341(7) 1.230(7) 1.1178(3) 0.92(1) 0.320 1.656
JO737-3039A/B 2.58708(16) 1.3381(7) 1.2489(7) 1.1253(1) 0.933(1) 0.102 0.086
J1906+4-0746 2.6134(3) 1.322(11) 1.291(11) 1.1372(2) (0.956, 1) 0.166 0.308
B1534+12 2.678463(4) 1.3330(2) 1.3455(2) 1.165870(2) 0.9907(3) 0.421 2.734
B2127+11C 2.71279(13) 1.358(10) 1.354(10) 1.18043(8) (0.975, 1) 0.335 0.217
J1757—1854 2.73295(9) 1.3384(9) 1.3946(9) 1.18930(4) 0.960(1) 0.184 0.076
JO509+-3801 2.805(3) 1.34(8) 1.46(8) 1.215(5) (0.793, 1) 0.380 0.574
B1913+16 2.828378(7) 1.4398(2) 1.3886(2) 1.230891(5) 0.9644(3) 0.323 0.301
J1913+1102 2.875(14) 1.64(4) 1.24(4) 1.239(8) 0.76(4) 0.206 0.475
Systems Will Not Merge within a Hubble Time

J1807-2500B 2.57190(73) 1.3655(21) 1.2064(21) 1.1169(3) 0.883(3) 9.957 1044
J1518+44904 2.7183(7) 1.41(8) 1.31(8) 1.181(5) (0.794, 1) 8.634 8832
JO453+41559 2.733(4) 1.559(5) 1.174(4) 1.175(2) 0.753(5) 4.072 1453
J1411+42551 2.538(22) <1.64 >0.92 (1.05, 1.11) (0.57, 0.95) 2.616 466
JI811—-1736 2.57(10) <1.75 >0.91 (1.02, 1.17) (0.58, 0.95) 18.78 1794
J18294-2456 2.59(2) <1.36 >1.25 (1.08, 1.14) (0.65, 1) 1.176 55
J1930—-1852 2.59(4) <1.32 >1.30 (1.07, 1.15) (0.58, 0.96) 45.06 ~10°




Some quantitative arguments

» Average logarithmic deviation

0.9 1
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" Dong-lived NS case (DD2 EOS, equal mass)

| Average deviation factor ~7.
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Some quantitative arguments

» Light-to-heavy ratio

Light Heavy

Relative log €

L ] 1 . 1 L | .
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Periodic table of elments

B bigbang B massive stars/SNe II/Ibc .

o e B € N0 F Ne
B low-mass stars mneutron star mergers
H Novae W rare/artificial elements . . . . . .
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r-process

time = 0.0000 sec




Effect of Lanthanides on Kilonova Emission

o Lanthanides have significantly high opacity

K~10.cm?4/g; 10 - 100 times larger than Lanthanide-free material

10 RERRRERRRRE Opacity : Low High
S g0 | Luminosity : High Low
> o :
I Timescale :
£ 7 100 i Short Long
3 i Color : Blue Red
1039 1 | 1 R T T T

10 15 20 25 30
Post-merger time [day]

o Weak interaction processes determines the production of Lanthanides

Electron fraction Ne Np

Y, =

ng Ny 1 Ny

It is modified b _ , —
" Do+pz=et4+n ve+tn=e +p



Multi-component/dimensional effects

S . : Kawaguchi+20
(i) Diffusion preferentially

B Shis neilas dirsntion (ii) Blocking effect (iii) Heating up of the dynamical ejecta
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Kilonova based on numerical simulation
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Kawaguchi+ 21

% Long-lived NS cases

Monte-Carlo transfer by K. Kawaguchi
based on our numerical data

(DD2 1.25-1.25 case; M, ~ 0.11M)

Total heating rate seems compatible tfor KN
for GW170817, but multi-D effect and some

opacity source in polar direction suppresses
luminosity.



Effect of different approx. on Ye

different approximations

|1-° Just et al. 22
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as a function of p and T

. Approximation of m, —m, = 0 and m, = 0 reduces equilibrium Ye by up to ~0.1.

+ Including weak magnetism enhances the equilibrium for high-T region.



Composition of the ejecta (long-lived NS)

, also Just+21
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RMHD simulation with effective dynamo term for BH-disk

Shibata, SF, and Sekiguchi, accepted
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S (Roughly speaking)
L [ B — consistent with viscous
hydrodynamics case.




