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2017 is memorial year for NS

* 0 year from GW170817 observation (NS death) [LIGO-Virgo]

* 30 years from SN1987A observation (possible NS birth)

[Kamiokande+]

* 50 years from pulsar discovery (NS confirmation) [Hewish-Bell]

* 43 years from discovery of binary neutron stars [Hulse-Taylor]
* 83 years from theoretical prediction of neutron star [Baade-Zwicky]

* 85 years from discovery of neutron [Chadwick]

* 97 years from theoretical prediction of neutron [Rutherford]
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Agenda

0. supernova modeling
Observable of NS:

1. mass

2. spin

3. magnetic fields

Can we calculate them w/ supernova simulations?
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0. SN modeling
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Supernovae are made by neutron star formation

Neutrmos from SN 1987A (Feb 23 1987)
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Standard scenario of core-collapse supernovae

Final phase of stellar Neutrinosphere formation Neutron star formation
evolution (neutrino trapping) (core bounce)

Neutrinosphere »

Supernova!

@ Si
</ 4 , QNeMg>
AN/ 60
17 He
H
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Current paradigm: neutrino-heating mechanism

shock [ront

gain radius

heating region

. ;) 6 &
cooling = 1/r7 3

heating o« 1/r° :

* A CCSN emits O(1058) of neutrinos with O(10) MeV.

* Neutrinos transfer energy
= Most of them are just escaping from the system (cooling)

= Part of them are absorbed in outer layer (heating)

* Heating overwhelms cooling in heating (gain) region
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What do simulations solve?

stellar evolution

: . . Numerical table based on nuclear physics
input: p(r), T(r), Zi(r), v«(r) e.g) 103 g cm3< p < 1015 g cm 3

0.1 MeV < T <100 MeV
0.03 <Y.<0.56

strong interaction

electro-magnetic interaction
/Aagneto-)nydrodaynamics
weak interaction
Neutrino transfer

TEnlropy 1= 0100 ms

Number of interactions;

pe- <-> nve, het <-> pVe

vet <->vet, VA <-> VA, VN <-> VN
vv <-> e-et, NN <-> vWNN, vv <->vv

as first-principles as possible.
parameter free simulation!

Takiwaki, Kotake, Suwa (2014)
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I 1. NS mass from SN

(C)TE, 2017 Sep 29; from Ismael 2017 (BH), Lattimer 2012 (NS), LIGO papers (GW)

" 1.4 Msun I Neutron stars

[ ]Black holes

' |GW: BH-BH

B GW: Produced BH
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Mass of compact object (M)

©T. Enoto
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NS mass measurements
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Current understanding of SN

pressure Mass accretion history
4 Rankine-Hugoniot relation Suwa+, ApJ (2016)

(P)down=(pV2)up 102 SRR RE RN RR R RN RN RN RRR RN RARRRRR [TTTTTTTTT [TTTTTTTTT [T TTTTITTT [TTTTTTTT q
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shock .
pv2 < Mv

...
L]
L}
L]

Mass accretion rate [M s'l]

> 01 02 03 04 05 06 07 08 09 1
radius Time [s]

* Shock position is given by force balance between thermal
pressure (down stream) and ram pressure (up stream)

* Since ram pressure is related to mass accretion rate, a
drastic change of M changes shock and leads to explosion

23/11/2017 AEhER @ ~HEFEDER L Bm~HTELEILT—I >3y T



When is SN shock launched?

[Suwa, Yamada, Takiwaki, Kotake, ApJ, 816, 43 (2016)] 1.7Mo
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(a) Abundance distribution and density struc- (b) Time evolution of mass coordinate and shock
ture

* When the mass shell of Si/Si-O interface run across the
shock, several oscillations ensue in the shock radius

* Aided by turbulence driven by convection and SASI, the
shock is eventually launched
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I Progenitor structure and NS mass

Sukhbold+, arXiv:1710.03243
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~Msissi-o

NB) The estimation is NOT based on hydrodynamics simulation,
but on phenomenological model of Miiller+ (2016)

see poster by Nakamura-san
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I Double NSs
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I First asymmetric DNS system

An asymmetric DNS! LY gg
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PSR J0453+1559 was discovered in t
775, 51). Itis the first asymmetric DN MC — 1 . 1 74(4) M@

Martinez, Stavall, Freire et al., (2015),

From Freire’s talk in NPCSM2016@YITP
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A low-mass NS

* Mns=1.174M¢:! (N8B, it's gravitational mass, baryonic mass is ~1.28Mo)

* Is it a white dwarf? Maybe no

a large eccentricity (e=0.112) is difficult to explain by slow
evolution intoa WD

* How to make it? : =
0 — HS(TMA)
a small iron core of massive star? : - st
(typically Mch=1.46(Y./0.5)2Mo) S ol
getting rid of mass from a NS? ® osy _._,‘_“____:

Radius R [km]

Fischer, Hempel, Sagert, Suwa, Schaffner-Bielich (2014)
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A path toward a low mass NS?: Ultra-stripped SN

[Suwa+, MNRAS, 454, 3073 (2015); Yoshida+, MNRAS, 471, 4275 (2017)]
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Summary of NS mass

* NS mass would be determined by the interface of Si/Si-O
layers

shock is launched from this mass

Stellar evolution is important

* Low-mass NS is interesting
Might be originated from close-binary interactions
Might be related to ultra-stripped SNe

More statistics w/ GW observations

23/11/2017 AEhER @ ~HEFEDER L Bm~HTELEILT—I >3y T



I 2. NS spin from SN
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Stability argument and limitation of rotation

* For a rotating body, there are some criteria to be stable
T(rotation energy) ~ MR2()2
W(gravitational binding energy) ~ GM2R-1

* Instability criteria;
T/|W|20.26: dynamical instability
T/|W|20.14: secular instability

T/|W|=20(0.01): low-T/W instability

* For the fastest rotating pulsar (PSR J1748-2446ad; Q=4.5x103 s1),
T/|W|~0.036 (assuming a rigid body, M=1.4Mo, R=10km)
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Angular momentum conservation

* Angular momentum conservation: Q°<cR-2
QN5=1 O4XQcore(RNS/1 Okm)'z(Rcore/1 OOOkm)Z

* What is typical rotation rate of core?
Depends on the treatment of magnetic fields, e.g.,
> 0=0.37 rad/s [Heger+ 00l w/o B => Pns=1.7ms
> 0=0.05 rad/s [Heger+ 05] w/B => Pns=12ms

NB) large uncertainty is remaining

23/11/2017 AEhER @ ~HEFEDER L Bm~HTELEILT—I >3y T



| NS spin up by SASI

Blondin & Mezzacappa, Nature (2007)
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see also; Fernandez (2010), Foglizzo+ (2012), Wongwathanarat+ (2013),

Guilet & Fernandez (2014), Kazaroni+ (2016), and others
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NS spin down mechanisms

* Early time (from seconds to days after explosion)
propeller effect w/ fallback [lllarionov & Suynaev 75]
magnetically driven wind w/ strong-B [Thompson+ 04]

anisotropic neutrino emission [Suwa & Enoto 14]

* Late time
r-mode and GW emission [Lindblom+ 98, but see also Arras+ 03]
GW emission by deformed NS w/ strong-B [Stella 05]

magnetic braking by dipole radiation [many textbooks]
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Summary of NS spin

* NS spin at birth is determined by precollapse

stellar evolution is important

* NS spin-up
angular momentum conservation
SASI

* NS spin-down

propeller effect, wind, r-mode w/ GW, dipole radiation, etc...
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I 3. NS magnetic-field from SN

[0 Pulsar
B Magnetar
Pulsar CRS
B XINS

ATNF pulsar catalog
McGill magnetar cat:
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Possible origin of B-field

* fossil field hypothesis (flux conservation)

* flelds generated internally in the progenitor

* fields amplified during core collapse

* fields amplified by dynamo processes in proto-NS
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I Fossil fields hypothesis

* Flux conservation indicates Bo<cR-2
* Emag/Egra=B2R3/(GM2/R)=B2R4/(GM?2)

B R M BRZ |_ /e
(©) (cm) (Mo) (Gcmz2) | oI
OBA-type AL 1012 10

104-10° 109 1 1022-1027 10-16-106
young WY 108-1015 1006 1 1020-1027 10-20-10¢

1024-1028 10-14-10-6
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Ampilification during core collapse

* Flux conservation
BN5=1 04 XBcore(RNS/1 Okm)'z(Rcore“ OOOkm)2
For magnetar, Bcore=1011G, which is unlikely

Normal pulsar is possible (Bcore=108G; stellar convection)

* Rotation

Differential rotation is naturally generated during collapse

Winding-up by differential rotation;

Bo~Bp AQ t~1014G(Bp/1012G)(AQ/1000 rad s-1)(t/100 ms)
1 .
T

. ‘ MAGNETIC FIELD
Meier+ 1976 INFALL CIRCULATION AMPLIFICATION
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Amplification in proto-NS

* Rotation & winding-up

* Fast amplification processes
small scale dynamo (if P>tconv), up to 109G (Emag~Econv)
a-Q dynamo (if P<tconv), up to 101°G
Magneto-rotational instability (if Qcore>Qenv), Up to ?

Tayler-Spruit dynamo (if unstable B configuration), up to ?
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Relaxation time scales

* Turbulent B-fields would be relaxed to some equilibrium
configuration (Braithwaite & Cantiello 2013)

= Tequil ~ taifven2/P ~ 10 s (Bequil/1 015G)-2(P/1ms)-

0.01 s

1012 30 3 days

- 101 300 1000years

see talk by Fujisawa-san
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Crust formation
[Suwa, PASJ, 66, L1 (2014)]

* If crust forms earlier than tequii, B-fields will be anchored
before getting equilibrium state
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Summary of NS B-fields

* Regulation process is not clear yet

fossil? amplified in progenitor? during core collapse? after proto-
NS formation?

* Crust formation

after equilibrium is achieved for magnetars

before equilibrium is achieved for other NSs
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Agenda

Observable of NS:

1. mass
2. spin
3. magnetic fields

Can we calculate them w/ supernova simulations?
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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

23/11/2017 AEhER @ ~HEFEDER L Bm~HTELEILT—I >3y T




