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This study will help us understand the supernova mechanism and 
the nature of their progenitors.
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C NASA◯C RIKEN◯ C NASA◯

Diversity of young isolated neutron star
e.g.) Enoto+2019



Supernova fallback

e.g.) Ugliano+2012, Ertl+2016

The fallback accr. rate (Metzger+2018, Zhong+2021)
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 is sensitive to the progenitor structure and the supernova 
explosion mechanism, typically 
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•How does the neutrino cooling affect the accr. dynamics around  
a magnetized NS? 

• Condition of the CCO formation?

Question

• Investigate the fallback accr. through GR-MHD w/ neutrino cooling 
• From the simulations, the criterion for CCO formation is derived

Purpose of this study

Purpose of this study



Neutrino cooling (Itoh et al.1989; Qian & Woosley 1996) 
Pair neutrino process ( )     

 

URCA process ( , ) 

e+ + e− → νe + ν̄e

·qpair = 5 × 1042 [erg cm−3 s−1] ( T
1012 K )

9

p + e− → n + νe n + e+ → p + ν̄e

·qURCA = 9 × 1029 [erg cm−3 s−1] ( ρ
106 g cm−3 ) ( T

1012 K )
6

Neutrino cooling

At high ,  dominates ρ ·qURCA
·qpair



Steady solutions w/o magnetic field
Analytical solution (Chevalier 1989) 
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As  increases, shock radius decreases·Mfb

Simulation range



PNS

GR-MHD simulations w/ neutrino cooling 
Accr. rate　：  (Ugliano+2012) 
NS mag.     ： ,  (dipole) 
Adiabatic index：4/3（rad. press. ≫ gas press.) 

Resolution & Domain 
  

Initial condition 
magnetic pressure supported hydrostatic atmosphere 
NS surface ：reflective boundary 

Numerical sheme 
HLL, 2nd-order in space (van Leer 1977) and time

·Min ∼ 10−(5−2) [M⊙ s−1]
0 G 1013−15 G

10 km ≤ r ≤ 1000 km, Nr = 16384 ( = 214)Domain

Free-fall vff

Simulation setup

No rotation
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Density at  rapidly increases w/ timerM

Shock rsh



Magnetospheric and shock radii when shock stalls
 and  decrease w/  while increase w/ . 

Semi-analytic solutions (updated version of Chevalier 1989) 
①：Pressure balance  
②：Energy equation 

    

Simulation results can be reproduced by the semi-
analytical solutions.

rM rsh
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Time-sequenced images

We define the shock stalling timescale as t′ stall = tstall − tshock

t′ stall

Rad. pres. Mag. pres.Ram pres.



 decreases w/  and increases w/ . 

Fitting result 

 

 

If , a outer crust formation sets in.

t′ stall
·Mfb BPNS

t′ stall = 2.0 × 10−1 [s] (
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By assuming , we derive 
the phase diagram of the NS’s B-field 

In the case of ,  
is required for the CCO formation.

·Mfb = (2/5)(Mfb/tfb)

BPNS = 1015 G Mfb > 10−4 M⊙

Phase diagram: the diversity of the NS’s B-field

CCO 
Magnetar 
Radio pulsar

： ,  
： ,  
：

t′ stall < tfb Lspin < ·Mfbv2
ff

t′ stall > tfb Lspin < ·Mfbv2
ff

Lspin > ·Mfbv2
ff

BPNS = 1015 G, PPNS = 0.02 s



Phase diagram: the diversity of the NS’s B-field

The region of radio pulsars seems to be rare …  
(Crust formation time, Multi-dimensional effect, Pulsar wind amplified by the accr.?)



BPNS = 1015 G, PPNS = 0.02 s

Conclusion

• In the early phase, the shock expands, but later, neutrino cooling 
causes it to stall and contract. 

•  is required for the CCO formation for .Mfb > 10−4 M⊙ BPNS = 1015 G

Rad. pres.

Mag. pres.

Ram pres.


