
Discussion	

•  Needed physics for post merger evolution:          
Neutrino transport & high-res MHD (later) 

•  Accurate modeling of kilonova/macronova to 
interpret optical-infrared observation                           
à Kawaguchi (20 min) 



High-resolution GRMHD for NS-NS	

Δx=17.5m	 Δx=70m	

Kelvin-Helmholtz instability:  
 à  Magnetic field should be amplified by winding 

 à  Quick angular momentum transport ? (not yet seen)	

Kiuchi et al. 2015	



Please pay attention only to blue curves	
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Magnetic energy:  Resolution dependence	

Bmax=1013G 	

Higher 
resolution	

Still NOT convergent…	

B field would be amplified in Δt << 1 ms à turbulence ?	

Kiuch et al. 2015	

τKH ∝Δx

Purely hydrodynamics or radiation hydrodynamics  
       is not likely to be appropriate for this problem 



Viscous hydrodynamics for post-merger of 
NS-NS (MS-Kiuchi ‘17)	

v  Massive neutron stars (MNS) are typical remnants
•  MHD simulations indicate that magnetic fields would 

be significantly amplified by Kelvin-Helmholtz 
instability and subsequent quick winding                  
(e.g., Price & Rosswog, ‘06, Kiuchi et al. ‘14, ’15, ‘17)                                

à Turbulence & turbulent viscosity could be induced
à Alpha viscosity: ν =αvcsΗ  with αv= O(0.01) and H=10 

km for neutron star (this is reasonable approximation for 
accretion disks around BH/NS)



αv=0	αv=0.02	

αv=0.01	



 1000

 2000

 3000

 4000

 5000

 6000

 7000

 8000

 5  10  15  20  25  30  35  40

Ω
 [r

ad
/s

]

R [km]

t = 0.00 ms
t = 1.02 ms
t = 2.04 ms
t = 3.06 ms
t = 20.9 ms

Evolution of angular velocity	 αv=0.01	

Inside of remnant 
neutron star
à Rigid rotation	

τν ≈
R2

ν
=

1
αν

R2

cs H

   <~ 10
αv

0.01

⎛

⎝
⎜

⎞

⎠
⎟

−1

 ms



Gravitational waveforms	
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Amplitude of gravitational waves 	
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Spectrum	
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Short summary	

•  If  MHD turbulence ≈ viscous hydrodynamics with       
αν ≥ 0.01, evolution of merger remnant of NS-NS would 
be highly different from that by ideal fluid dynamics 

•  Viscous hydrodynamics suggests that                       
post-merger gravitational waves could be quite weak 

•  How large is αν in reality ?  

Ø High-resolution MHD is obviously required or 
some other prescription ?? 



Neutrino irradiation is important for Ye	

•   Neutrino irradiation from MNS increases average value 
          of Ye by ~ 0.03 in a few 10ms 
à  Sophisticated treatment for neutrino transfer would be 
       needed

See, e.g.,  Perego et al. 2014; Goriely et al. 2015;   
Martin et al. 2015; Foucart et al. 2016	

Ejecta mass	 Electron fraction	

Sekiguchi+ 2015	
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FIG. 8. Left: Energy distribution of the neutrinos leaving the computational domain, for all 3 species of neutrinos. In each plot, the dashed
vertical line shows the average neutrino energy estimated by the M1 scheme, and the solid vertical line the same quantity estimated by the
MC scheme. The solid grey line shows our best fit to the spectrum. Right: Angular distribution of the neutrinos leaving the grid. Here, ✓ is
the usual spherical-polar coordinate, not the pitch angle of the neutrinos. Grey histograms show the MC results, and red histograms the M1
results. Errors in the M1 closure lead to a large overestimate of the neutrino density in the polar regions. In all plots, we integrate the neutrino
fluxes over a 50µs interval 14ms after merger.

ability to resolve the energy distribution of neutrinos is under-
stated in this plot. All MC packets are emitted with the energy
of the center of a bin, but their energies can then be shifted
due to gravitational and velocity redshift as well as scattering
events, so that for example a global shift of the spectrum by a
fraction of an MeV would be captured by the MC code.

As for the pointwise data, the energy spectrum of ⌫e and ⌫̄e

is well fitted by Eq. (16) with a hard spectral index (↵ = 4.8
and T(⌫) = 1.9MeV for ⌫e; ↵ = 4.6 and T(⌫) = 2.7MeV for
⌫̄e). The spectrum of heavy lepton neutrinos is slightly softer
than a black body (↵ = 1.5, T(⌫) = 9.0MeV). The average
energy of escaping neutrinos is reasonably well estimated in
the moment scheme for ⌫e and ⌫̄e (1 � 2MeV errors), while
larger errors are observed for ⌫x (4MeV).

Foucart et al. 
arXiv: 1806.02349	

M1 is OK, 
but need more	


