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Back to NS workshop in 2017

Agenda

Observable of NS:
1. mass
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Can we calculate them w/ supernova simulations?
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https://indico2.riken.jp/event/2545/contributions/7651/attachments/4912/5751/171123_NS_suwa.pdf

Back to NS workshop in 2017
Summary £

Can we calculate them w/ supernova simulations?

1. mass
= yes w/ stellar evolution

= Si/Si-0O interface at collapse is important

2. spin
» probably yes w/ stellar evolution

% post-explosion evolution is important

3. magnetic fields
" no, origin is highly uncertain

% crust formation might be important
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https://indico2.riken.jp/event/2545/contributions/7651/attachments/4912/5751/171123_NS_suwa.pdf
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Origin of dichotomy between magnetars and radio pulsars

* Two different physical processes to sustain magnetic fields

magnetic induction by electric current

remanent (residual) magnetization left behind after magnetic-field decay

—

B

* Magnetar

strong internal current ? 7

dynamo ? fossil ?

* Radio pulsar

remanent fields in crust of NS ?
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Origins of magnetic fields of planets & satellites

Stevenson (2010)

B (G) origin B (G) origin

Mercury 2x10-3 ?
Venus <104 remanence
Earth 0.5 core dynamo
Moon 10-5-10-3 (patchy) remanence
Mars 10->-1 (patchy) reri::r)\r;?\ce
Jupiter 4.2 dynamo
Saturn 0.2 dynamo

Uranus 0.2 dynamo
Neptune 0.2 dynamo
lo <10-2 complex
Europa 103 Induction
response

Ganymede 2x10-2 likely dynamo

Callisto 4x10-5 Induction
responce

Titan <103 need more data
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https://www.planetary.org/space-images/lunar-crust-formation
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I Neutron stars also have crust

A NEUTRON STAR: SURFACE and INTERIOR

A Tchicese! AT CRUST:
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- Neutron
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ATMOSPHERE
ENVELOPE
CRUST
OUTER CORE
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nucleons, strangeness,

quark-gluon plasma,...?

— Neutron Superfluid

L AR Neutron Vortex
% Nuclei in a lattice

Obertelli and Sagawa (2021)

6/9/2023 Yudai Suwa (UT&YITP) @ NS Workshop 2023 (Kyoto) 11/20



Crust formation

* NS crust forms as it cools down by neutrino emission. WHEN?

* |s building up of magnetic fields faster than crust formation?

Neutron star

Mass
~1.5 times the Sun

Solid crust
~1 mile thick

\ Diameter

~12 miles

Heavy liquid interior
Mostly neutrons,
(C)NASA with other particles
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cool down cool down

https://laney.edu/huisunkim/wp-content/uploads/sites/407/2017/08/30A-Ch12-Liquids-Solids-Intermol-Forces.pdf
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I Numerical simulation of (close-to) crust formation of NSs
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What do we need?

* Long-term simulations of PNS cooling
(Nakazato+ 2013, Mori+ 2021, etc.)

but, need a better neutrino transfer than diffusion-based/truncated momentum methods

approx. methods have considerable errors around decoupling

Sn? Monte-Carlo? variable Eddington method? any suggestion?

* Multicomponent nuclear EOS
(Hempel+ 2010, Furusawa+ 2011, etc.)

phase transition btw. uniform and non-uniform matter? nuclear pasta?

* Better understanding of crust formation
(Sonoda+ 2007, etc.)

(Q)MD simulations? any other modern way?
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Simulations crush due to emergence of heavy nuclei before crust formation

coherent scattering of neutrinos
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Finding a solution of neutrino transport fails & change the mind
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Analytic solutions for neutri . .

[Suwa, Harada, Nakazato, Sumiyoshi, PTEP, 2021, 0130E01 (2021)]

* Solve neutrino transport eq. analytically
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Temperature (K)

NS crust forms at
~100 s after SN
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-fields would be relaxed to some equilibrium

configuration (Braithwaite & Cantiello 2013)

* TurbulentB
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Summary

* Origin of dichotomy of magnetic fields in neutron stars remains puzzling

* An idea

Magnetars have strong magnetic fields, sustained by internal currents originating from
dynamos

Radio pulsars have weaker magnetic fields, which are remnant fields embedded in the
neutron-star crust

* Impacts of crust formation

Two different timescales, crust formation and relaxation of turbulent motion
If crust forms earlier than relaxation — radio pulsars

If crust forms later than relaxation = magnetars
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