Investigation of the formation mechanism
of central compact objects
with GR-MHD simulations
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_ Supernova mechanism or star's feature origin y

This study will help us understand the supernova mechanism and
the nature of their progenitors.



M, : fallback mass

Supernova fallback 1 Tallback time

The fallback accr. rate (Metzger+2018, Zhong+2021)
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ZAMS mass [M] e.g.) Ugliano+2012, Ertl+2016

M, 1s sensitive to the progenitor structure and the supernova
explosion mechanism, typically ~ 107“-D M



Chevalier+1989, Torres-Forné+2016,

Neutrino cooling In tallback accretion
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Chevalier+1989, Torres-Forné+2016,

Neutrino cooling In tallback accretion

Shigeyama+2017
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Purpose of this study
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~——Question—————— — —

* How does the neutrino cooling affect the accr. dynamics around
a magnetized NS?
* Condition of the CCO formation?
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- Investigate the fallback accr. through GR-MHD w/ neutrino cooling
* From the simulations, the criterion for CCO formation Is derived
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Neutrino cooling
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Neutrino COO“ﬂg (Itoh et al.1989; Qian & Woosley 1996)

Pair neutrino process (et +e¢~ - v, + 1)

q pair
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URCA process (p+e” > n+v,n+et > p+r0,)
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Steady solutions w/o magnetic field

103 . Analytical solution (Chevalier 1989)
| - GMM.
Mtb, a = = darggHg (H = rggp,/ GMp ~ ryg/4)
NS
Fepair = 3-4 X 10% [km]

40/27 —1/27 . ~10/27
v NS Mys My,
10% cm 1.4 M 10> M, s~!

Fen.urca = 5.0 X 10% [km]
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o Simulation range o (TS My My,
105 1074 1073 1072 107! 106 cm 1.4 Mg 105 M, s!

Ms [M o 511

As M, increases, shock radius decreases



Simulation setup

GR-MHD simulations w/ neutrino cooling

Accr.rate M, ~ 107072 [M, s7!] (Ugliano+2012)
NS mag. . 0 G, 10°~1> G (dipole)

Free-tall vy l
Adiabatic index : 4/3 (rad. press. » gas press.)

NO rOtatlon Resolution & Domain

10 km < r <1000 km, N, = 16384 (=24
E— PNS —
Initial condition

magnetic pressure supported hydrostatic atmosphere

T NS surface : reflective boundary

Numerical sheme

HLL, Z2nd-order in space (van Leer 1977) and time



Overview

t=0.000s (t=000000t,)
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pressure [dyn cm™?]

Overview
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Overview
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Magnetospheric and shock radil when shock stalls
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ry and r, decrease w/ M, while increase w/ Bpys.

Semi-analytic solutions (updated version of Chevalier 1989)

| =—— Bpyns =10% [G]

10> 104 103

Mg, [M o s71]
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D : Pressure balance p,,q = pya,

@ : Energy equation

Pl Tgn) 12 )

N GMM
drryHyg(ny, T) = Hy, = = EFM

™M - GMID(FMa rsh)

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



Time-sequenced Images
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The dependence of #,,;; on M; and Bpys

¢ decreases w/ My and increases W/ Bpys.

Fitting result

10~° 10~4 103 102
Mg, [M o s71]
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If ¢ . < ty, @ outer crust formation sets In.




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

: By assuming M;, = (2/5)(Mg/t;), we derive

the phase diagram of the NS's B-field
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In the case of Bpyg = 10> G, My, > 107* M,
IS required for the CCO formation.
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Phase diagram: the diversity of the NS's B-field
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The region of radio pulsars seems to be rare --:
(Crust formation time, Multi-dimensional effect, Pulsar wind amplified by the accr.?)



Conclusion
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' In the early phase, the shock expands, but later, neutrino cooling
causes It to stall and contract.

. My, > 107* M, is required for the CCO formation for Bpyg = 10" G.



