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Neutron star mergers

~10-100ms

Remnants / outflow formed in the merger/post-merger phase
will be the source of the eléctromagnetic counterparts




Electromagnetic Counterparts
to NS binary mergers

: : Jet—=ISM Shock (Afterglow)
 Various transient EM counterparts are Opslcal (hout-diys)

Radio (weeks—years)
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* short-hard gamma-ray-burst
Kil a
- Afterglow Optical 1 -1 dsy)
* COCOON emission | ./ MergerEjecta
Y Tidal Tul & Disk Wind

kilonovae/macronovae O@ v~01-03c
e radio flare, etc.
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Ref: B. Metzger and E. Berger 2012

* Host galaxy identification, remnant
properties, environment

* Possible synthesis site of r-process nuclei



Kilonova lightcurve prediction

GR-viscous-vR-HD BNS merger simulation

(Merger:3D; Post-merger:2D) :
: Kilonova

Radiative transer simulation
(KK et al. 2021)
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. AT2017gfo (Waxman et al. 2018)
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Neutrino-matter interaction

Ye ¢ kg) Y. Sekiguchi et al. 2015
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Neutrino-matter interaction plays
an important role in the merger/post-merger : ‘0

&
£0.20

phase of a BNS merger: | ‘ |

0.10
0.05

Determines the thermodynamical property
of the remnant NS and disk

Fraction of mass

Controls the nucleosynthesis
in the outflow

Possible mechanism for launching
a relativistic outflow / jet (pair-annihilation)

The moment formalism M1(MO) method is
often used for the latest merger simulations to

take the effect of neutrino transport into account
(K. Thorne 1981, M. Shibata et al. 2011, Y. Sekiguchi et al. 2015, 2016

, F. Foucart et al. 2015, D. Radice et al. 2016,
see also McKinney et al. 2014, Sadowski et al. 2014, Takahashi et al. 2016

for GR-RMHD) S. Fujibayashi et al. 2020
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Limitation of M1 method
(truncated-moment formalism)

M1-method Full Boltzmann (grid-based)

Y. Asahina et al. 2020

M1 method is hot always guaranteed to provide physically correct results.
(see, e.g., H. Nagakura et al. 2017 & Y. Asahina et %l. 2020 for grid-based full-Boltzmann method in GR)



Monte Carlo methods

Neutron star merger simulation F Foucart et al. 2020
(GRHD+MCRadiation)

Polar angle, v, ‘ Luminosity ; Average neutrino energy
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GR Monte-Carlo RHD:
N. Roth & D. Kasen 2015
Ryan et al. 2015 3D: physically accurate,

Miller et al. 2019, 2020 but computationally expensive
F. Foucart et al. 2017, 2018, 2020

Developing an axisymmetric (2d) code would be uséful for longterm simulations and systematic studies!



Monte-Carlo method:
Procedure

photon/v packet

Random event




Axisymmetric GR-MCRHD code

. Geodesic:

4th order spatial interpolation

- Hydrodynamics:

GR hydro (fixed metric)

3rd Order MUSCL

+ Kurganov-Tadmor (central)
scheme

- Time integration:
SSP-RK3 (3rd order)
for hydro & geodesic solver

. Isotropic scattering
(as a first step)

Ray transfer (log radiation energy density)
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Thermalization test

Case 1 (gas dom.) Case 2 (rad dom.)
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Multi-energy (neutrino)

0 — 1()11g/(3m3 Tgas,ini = 12.4 MeV Teq = 11.0 MeV

o

S
()
]
()
| .
-
e
E
()
Q.
£
()
l—

Gas temperature
Radiation temperature
t=0.246337[us]
fe (Teq) — :
«“Ne (Tini)

11

P=P_+4+ P4+ P,g= EaT4
R e
ol (1+3g1) FEE
7T/mp
- S ¢
~ 9.0 X CIn /g (1Mev) Ne., (T) X -

11 exp (e, /ksT) + 1



Time Integration

Radiation field

Yn/ ~ -

Operator splitting method is often
employed for the coupling between
radiation field and fluid part:

— time integration is 1st order for

entire simulation y(t + At)
E.Fizt:af(t Zt :Iasze;n]gogfﬂlgyggzect) al. 2015, Miller et al. 2019, 2020, Ay — y(t _|_ At) e y(t)? X
How can we implement higher-order “Addition” of radiation field

time integration scheme?




Righer-order scheme

U,,, ¥y, : matter and radiation field at n-th time step

u; = uy, + AF (unay"n,)
Y1 = g(Y’naup)

u, = u,, + AF (ul7 yn) *including feed back from

1 1 2
us = u, + AF(upay'n) Upt+1 = 6111 + 6112 + §U.3
Y3 = g(Ynaup) 1 1 9

u, = U, + - (u; + ug) Yntl = gy T §r2 T 33

Guarantees 2nd order accuracy for time integration
*hydro scheme reduces to SSP-RK3 fonihe case that radiation field is negligible




Convergence test

Internal energy ——
Radiation energy ——
Total

>
9,
>
o
@
c
)

1st-order (t=0.15s) —»—
1st-order (t=0.3s)

2nd-order (t=0.15s) ——
2nd-order (t=0.3s)
At

|Urad/Urad(At /Atg

14



Eaddington Limit
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Prescription tor optically thick region

Dynamical timescale Thermal timescale
(resolution in the simulation)

- ugaS Atems < At
AQZ AfUJems

Auems absorption

I Ugas

Atems 1 /{pc urad reemission

AtrL,c  KabsPAZT Upaqd

< 1 (for AT > 1)

Prescription:

(Foucart et al. 2020, Fleck & Cummings 1971)
Rabs — /f;,bs — (1 — )\)K}abs % \
Rsct — Réct = Rsct T A/fabs /

scattering

Justified if the state in the cell is
close to thermal equilibrium




Shock tube

eq = aTy : radiation pressure dom. gas

Hydro
Hydro+Radiation
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eq = eraq @ thermal equilibrium
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Shock tube

radiation pressure dom. gas
(the packet number was not sufficient...)

Hydro
Hydro+Radiation
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Next steps/tasks

Rest-mass density

t=0.00[MgH]

Radiation energy density
t = 0.00[Mg]
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Summary

- We develop an axisymmetric (2d) GR-MCRHD code
as a tool to study NS binary mergers in the the post-merger phase

Most of the infrastructures are implemented:

photon/ v packet transfer, hydrodynamics
, appropriate matter-radiation interaction

Higher-order time integration MC scheme
for matter-radiation interaction is implemented and demonstrated
(for the first time, as far as | know)

prescription for optically thick region (needs further tests)




