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- Core-collapse-

supernovae(CCSNe)
1. CCSNe begin with the gravitational collapse of
the core of massive star.

2. Central density is increasing.

3. When the centraldensity reaches the nuclear

saturation density (~1014 g/cm3), core bounce
occurs and a shock wave Is generated.

by StevenSimpson.



Core-collapse -

supernovae(CCSNe)
4. The shock loses energy via photo-dissociations
of nuclel and neutrino cooling. The shock is
stalled by the rap pressure of accretion.

. 5. The shock is revivéd by something.
6. Explosion Is successful.

X

) Shock stalls © Instabilities raise shock (O Explosion proceeds

by Steven Simpson.
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How to revive the stalled shock
» Neutrino- heatlng mechanlsm (most
favored)

~» Irradiation by neutrino diffusing out of a
PNS (Wilson 1985 etc.) -

 Acoustic mechanism

(Burrows et al. 2006;Harada et al. 2017)




But,,,

» 1D detailed and realistic dynamical
simulations with neutrino-heating failed to
~explode. : :
* Libendorfer et al. (2001,2005);
Sumiyoshi et al. (2005) etc.

* Multi-dimensional effect (e.g.--rptation, fluid-
instability, magnetic field ) are important.
+.Burrows et al. (2006); Marek & Janka (2009);

Suwa et al. (2010); Takiwaki et al (2012;2016).



multidimensional effects are crucially 1mportant (Burrows
et al. 2006; Bruenn et al. 2009; Marek & Janka 2009:; Suwa
et al. 2010; Miiller et al. 2012; Takiwaki et al. 2012; Couch
2013; Couch & Ott 2013; Hanke et al. 2013; Murphy et al. 2013;
Lentz et al. 2015; Melson et al. 2015; Nakamura et al. 2015;
Bruenn et al. 2016; Roberts et al. 2016; O’Connor & Couch
2018). Among them are rotation (Fryer & Heger 2000; Kotake
et al. 2003; Thompson et al. 2005; Marek & Janka 2009;
Iwakam et al. 2014a; Nakamura et al. 2014; Takiwaki et al.
2016; Summa et al. 2018), a magnetic field (Akiyama et al.
2003; Kotake et al. 2004; Yamada & Sawai 2004; Sawai
et al. 2005; Obergaulinger et al. 2006, 2014, 2018; Burrows
et al. 2007; Takiwaki et al. 2009; Sawai & Yamada 2014, 2016;
B Mosta et al. 2015), non-spherical structures of the progenitor
(Couch & Ott 2013; Takahashi & Yamada 2014; Couch et al.
2015; Takahashi et al. 2016), turbulence (Murphy & Burrows §
2008; Murphy & Meakin 2011; Murphy et al. 2013; Couch &
Ott 2015; Mabanta & Murphy 2018), (magneto)hydrodynamical
mstabilities (Blondin et al. 2003; Scheck et al. 2006; Blondin &
Mezzacappa 2007; Iwakami et al. 2008; Guilet et al. 2010;
Wongwathanarat et al. 2010; Fernandez et al. 2014; Takiwaki
et al. 2014; Fernandez 2015), general relativistic gravity
(Dimmelmeier et al. 2002; Shibata & Sekiguchi 2004, 2005;
Kuroda et al. 2012, 2016; Miiller et al. 2012; Ott et al. 2012),
and neutrino transport (Nagakura et al. 2014, 2017, 2018;
Dolence et al. 2015: Pan et al. 2016). It 1s true that laree-scale




Stationary solution of stalled shock

« Stalled shock is realized after the core
bounce. |

Steady solutions are
obtained by solving
Stationary equations.

(Burrows & Goshy 1993)

Q) Shock stalls



Stationary solution of stalled shock

| 47r%ou, = M R . 1.Set Mdot and Lnu

i o _ I8 - 2.Impose boundary
gdr -~ 2 conditions.

3.Change the shock
radius to satisfy the
BCs.

L, (foe s~ )
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Q) Shock stalls

Burrows & Goshy‘ (1993)
Yamasaki & Yamada (2005)

Keshet & Balberg (2012)




Stationary solution of stalled shock
Yamasaki & Yamada (2005)

M=20M,s'and L, =(5, 6,7, 8) x 10°* and 8.3167 x 10°? ergs s



Critical neutrino luminosity

Cri{ical Cufvé o

10 SN
T,=45Mev

SUPERNOVA

MODEL TRAJECTORY

Burrows & Goshyv (19-913)



Critical neutrinolum'inosity

Crltlcal Curve
T,= 4.5 MeV

XINOS,
Wy ON

Burrows & Goshv (1993)



How to reduce the critical luminosity

« Lowered by turbulence

* Murphy & Burrows (2008); Murphy &
-~ Meakin(2011)sMurphy et al. (2013).

 Reduced by about 30 % due to the
turbulence (Mabanta & Murphy 2018)

* Multi-dimensional eﬂ‘ects
» Rotation (Yamasaki & Yamada 2005)



Steady solution with rotation in 2D

Yamasaki & Yamada (2005)



Critical luminosities
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Our-goal

~ » Stalled shock is realized after the core
bounce.

‘A critical luminagsity, above which there
exist no steady solutions.

» We systematically study effects of
- on the revival
of a stalled shock N supernova explosion.

» Develop a new numerical method to
solve equations.



‘Numerical model

Give Ljniform rotation
and magnetic freld at
r=1000km

Spherical accretion
flow
Solve Rankine-

_ Hugoniot relation on

- the stalled shock
‘surface.

“ Accretion flow.

r [km]

Spherical PNS PESRYIS

(p~10!1g cm-3on the surface) NGU’EI‘IEHO temEerature




Parameter settings

- Rotation and magnetlc field In progenltors are
unclear.

 Angular momentum contained between
1.3 M, -2 M, (Heger et al. 2005)

- Without rotation

16 117 2 «— 1| : i =
g~ 10> — 10" cm” s N floookm ~ 0.1 — 1 s~ !

- With rotation |
g ~ 10 — 10° em? s 1 J1000km ~ 0.001 — 0.01 s~

- Toroidal magnetic field might be larger
- than poloidal-one due to the differential
winding inside the massive star

(Heger et al. 2005) -



Parameter settings
~* Rotational frequency at 1000km

. '_I'or0|dal magnetlc field at 1000km

» Poloidal magnetic field at 1000km

Rotatlonal freq’ﬁency at*10 km (NS

surface)

N/ ~ 0—5ms

Maﬂn'etic field at 10 km

—1




Basic equations
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« Simplified analy"cical EOS (ideal gas + radiation pressure)
* Simplified Neutrino cooling + heating (Herant et al. 1992)
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Numerical met_hod

Basic equations are as follow:

Irhposing boundary conditions and solving this
nonlinear algebraic equations implicitly.



Okawa, KF et al. submitted
ArXiv:1809.04495
KF, Okawa et al. (2019)
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Numerical scheme for nonlinear
egs.

 Newton- Raphson method is a most famous numerical
method. |

-« Initial guess is sufficiently close to the root,
- Efficient

- Initial guess is not close to the root,

- Iteration usually unstable and we have problems
with oscillatiens.™ .

There are no good, general methods for solving
systems of more than one nonlinear equations.

Furthermore, it is not hard to see why (very likely)
there hever will be any good general methods. .

- Numerical recipe



Conv_ergenée_region (Basin)

Global convergent method!
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Numerical met_hod

Basic equations are as follow:

Irhposing boundary conditions and solving this
nonlinear algebraic equations implicitly.



Numerical results

With rotation Wilda tor0|dal ﬁeld

" Streamline —| YolKM S™'] " Streamline —
Neutrino sphere -- 5e+03 Neutrino sphere --

| Shock surface 4e+03 - | Shock surface -
3e+03

2e+03
1e+03




Radial flow velocity with critical
neutrino luminosity

With rotation " With toroidal magnetic field

The polar/ eqUatoriaI flow velocity is smaller than
equatorial / polar velocity.



Critical neutrino Iumihosi’ty 1

With rotation With toroidal field

L\,[1051 erg s'1]
L\,[1fi)51 erg 5'1]

f1000km=0.00 s'} o} Bioookm=0 = G

f1000km=0.10's__ Boookm=10!'G
f1000km=0.20 s O B1oookm=10"2G X

Critical luminosity is lowered by rotation and
toroidal- magnetic field. - :



Critical neutrino Iumihosi’ty 2

 With rotation _ With toroidal field
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. Reduced by: 70% (rotation)/50% (toroidal field)

* There exist no solutions beyond the critical
rotation-and critical magnetic field



Discussion and summary

» Non-spherical structure produced by rotation /
magnetic field.

< Critical neutrino luminosity is lewered by
(magnetic field) / 70% (rapid rotation).

» There exist critical toroidal magnetic field and
critical angular momentum, beyond which
there exit no steady solutions.

» Critical angular momentum
(lwakami et al. 2014)
* Rotation / magnetic field. assist shock revivals.



Future Work_s'

R Deformed PNS |

» Rotation and magnetic ﬁeld of progenitors
are unclear. .

— Multi-dimensional stellar evolution
model (with rapld rotatlon clgle strong
magnetic ﬁel'd) ’

» Anisotropic wind from rapidly rotating WR.
(Callingham et al. 2018)
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Convergence of humerical

Convergence factor by radial resolution

numerical result

second-order CoONvergence -

+

0.6 0.8
q

convergence factor by angle resolution

numerical result

second-order CONVergence « -

+

0.6 0.8
q

Figure 10. Convergence factors (), (left) and Qo (right) as functions of the ¢ with N, = 200 and Ny = 20. The mass accretion rate and
neutrino luminosity are set to M = 2.0 Mo s~ and L, = 4.5 x 10°? ergs s, respectively. The rotational frequency is f1000km = 0.03 s~
and the strengths of the toroidal and poloidal magnetic fields are given as By = 10° G and Biooorm = 10° G at the outer boundary. The
dotted blue line denotes the second-order convergence () = 4).
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Newton-Raphson method

EQs.

Taylor
series



W4 method |

Consider NR method as differential eq.

Looks like dampihg term.
* Discretize and obtain equations as

A ) ,p-'n_.

50



UL W4 method

U1 U112 U13U14
0 w2z u23 U4

0 O U33 U34

* In general
* Near root

51




LH W 4 method 1

* QR decomposition aSEEge
| .mdiagonal R upper triangle matrices

a (12) a (12) a (12)
(0) (0) (0)
Qg1 Ugo Uog

0 0 0
(0) (0) (0) (lgl)ﬂgz)ﬂgg)

aq) = [5‘11 oy G371

T
by = [—sign (5‘11 ) a 0)| 0 0] , I



LH W 4 method 2

Make householder matrixfl EREEHERECE:)

Hyaw = by and Hg)b) = a(o).

11. 12 T13
HopAo =Ag) = | 0 dl)al)

0 a [312) a (313)

Similarly,
Fiiri2ris

= | 0 rpares [ =R 53

O 0 33



LH W 4 method 3

Then we obtain

From we obtain following-step
equations.

LH W4 is more efficient than UL WA4.

54



Conv_ergenée_region (Basin)

Global convergent method!



Numerical -oscillation

= x’y—1=0

f2(x,y)

3

0

— 4

+ y?

2

f1(x,y) = x

W4 avoids nu_merical oscillation of NR.
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Critical Luminosity
Yamasaki & Yamada (2005)

80 100 120
[1051 ergs s7!]




: |
Newton-Raphson W4 d_::c + 2d_:1: + MF =0,
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