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Introduction: what is supernova?

6/10/2015 Yudai Suwa, NUFRA2015 @ Kemer, Turke



Supernova

SN 2011fe *

SN 2011fe "



Supernovae make neutron stars

Remarks on Super-Novae and Cosmic Rays

S. The super-nova process

We have tentatively suggested that the super-nova
process represents the transition of an ordinary star into
a neutron star. If neutrons are produced on the surface of
an ordinary star they will “rain’’ down towards the center
if we assume that the light pressure on neutrons is prac-
tically zero. This view explains the speed of the star’s
transformation into a neutron star. We are fully aware
that our suggestion carries with it grave implications
regarding the ordinary views about the constitution of
stars and therefore will require further careful studies.
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Key observables characterizing supernovae

* Explosion energy: ~10°! erg=104)
* Ejecta mass: ~Mo=1.989x10°" kg measured by fitting

SN light curves
* Nimass: ~0.1Ms

. C 7 measured by
NS mass: ~1 - 2Me binary systems

final goal of first-principle (ab initio) simulations
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Standard scenario of core-collapse supernovae

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

Neutrinosphere

shock revival Supernova!
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Current paradigm: neutrino-heating mechanism

shock front

gain radius

heati .
eating region shock

\Ncoolinglregion
‘ absorg
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cooling = 1/r" ?

heating o« 1/r° :

emission

* Energy is transferred by neutrinos

* Most of them are just escaping from the system, but are
partially absorbed

* |n gain region, neutrino heating overwhelms neutrino cooling
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Numerical simulations
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In these violent explosions, all known interactions are involving and playing
important roles;
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What do simulations solve?

L
Numerical Simulations
4 ) ) ) 4 ) )
Hydrodynamic equations Neutrino Boltzmann
d .
Solve df of dlnp 3v) 1 o Of
pﬂ = —VP — pVO, simultaneously edi " Mar [M( cdi C"> i ;] (=) o
dt ,(dlnp 3v v Eaf
de* ¥ [M(cdt +cr)_c_r] oE
ar PV TPV = —pv VO O - P
IV c(hc)
d; = O, x [(1—f>fRf’du’—f/R(1—f’)du’]
AD=47Gp,

\_ J \_ J
. J
p: density, v: velocity, P: pressure, @:grav. £ neut. dist. func, u: cosd, E: neut. energy,
potential, e total energy, Y.: elect. frac,, J:emissivity, y: absorptivity, R: scatt.

O: neutrino terms kernel
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1D simulations fwl to explodn
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By including all available physics to simulations, we

concluded that the explosion cannot be obtained in 1D!
(The exception is an 8 8 M@ star Kltaura+ 06)
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Neutrino-driven explosion in multi-D simulation

We have exploding models driven by neutrino heating with 2D/3D simulations
[Suwa+ PASJ, 62, L49 (2010); ApJ, 738, 165 (2011); ApJ 764, 99 (2013); PASJ, 66, L1 (2014); arXiv:1406.6414]
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Dimensionality and numerical simulations

Xgrid-based codes only, not completed

Only simulations in this region can judge
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3D simulation with spectral neutrino transfer

[Takiwaki, Kotake, Suwa, ApJ, 749, 98 (2012); ApJ, 786, 83 (2014)]
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Dimensionality and initial perturbation

[Takiwaki, Kotake, Suwa, ApJ, 786, 83 (2014)]
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Note) explosion energy is still too small (~10°° erg) compared to observations (~10°! erg)

6/10/2015 Yudai Suwa, NUFRA2015 @ Kemer, Turke



Equation of state dependence
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' List of SNEOS

Courtesy of M. Hempel
Complete list of currently available SN EOS (17+15)
Model Nuclear DOF Mmar Rianm = publavail. Refs. 2
Interaction (Mg) (km)

H&W SKa n,p,a,{(Ai, Z;)} 2.21 14 n El Eid and Hillebrandt (1980); Hillebrandt et ol (1984)

LS180 L.S180 n,p,a,(AZ) 1.84 122 0.27 y Lattimer and Swesty (1991)

LS220 LS220 n,pa, (A Z) 2.06 127 0.28 y Lattimer and Swesty (1991)

LS375 LS375 n,pa,(AZ) 2.72 145 032 y Lattimer and Swesty (1991)

STOS T™I1 n,pa, (A Z) 2.23 145 0.26 y Shen et al. (1998); Shen et al. (1998, 2011)

FYSS T™1 n,p,d,t, h,a,{(A;, Z;)} 2,22 14.4 0.26 n Furusawa et al. (2013)
HS(TM1) T™I1 n,p,d,t,h,a,{(Ai, Zi)} 2.21 145 0.26 y Hempel and Schaffner-Bielich (2010); Hempel et al. (2012)
HS(TMA) TMA n,p,d,t,ha,{(A, Z)} 2.02 139 025 y Hempel and Schaffner-Bielich (2010)

HS(FSUgold) FSUgold n,p,d,t,ha {(A;, Z)} 1.74 126 0.23 y Hempel and Schaffner-Bielich (2010); Hempel et al. (2012)
HS(NL3) NL3 n,p,d,t,h,a,{(A, Z)} 2.79 148 031 y Hempel and Schaffner-Bielich (2010); Fischer et al. (2014a)
HS(DD2) DD2 npd,thya, {(A,Z)} 242 132 030 y Hempel and Schaffner-Bielich (2010); Fischer et al. (2014a)

HS(IUFSU) IUFSU n,p,d,t,h,a,{(A;, Z;)} 1.95 12.7 0.25 y Hempel and Schaffner-Bielich (2010); Fischer et al. (2014a)

SFHo SFHo n,p,d, t,ha {(A, Z)} 2.06 119 030 y Steiner et al. (2013)
SFHx SFHx nopd tha{(A, Z)} 213 120 029 y Steiner et al. (2013)
SHT(NL3) NL3 n,p,a, {(Ai, Zi)} 2.78 149 031 y Shen et al. (2011b)
SHO(FSU1.7) | FSUgold n,p, o, {(Ai, Z:)} 1.75 128 0.23 y Shen et al. (2011a)
SHO(FSU2.1) | FSUgold2.1 n,p,a,{(Ai, Z;)} 2.12 13.6 0.26 y Shen et al. (2011a)
LS220A 1L.S220 n,p,a,(A,Z),A 1.91 124  0.29 y Oertel et al. (2012); Gulminelli et al. (2013)
L8220 15220 n,p,a, (A, Z),x 195 122 029 n Oertel et al. (2012); Peres et al. (2013)
BHBA DD2  n,pdtha{(A,Z)},A 196 132 025 y Banik et al. (2014)
BHBA¢ DD2 n,p,dtha {(A;,Z)},A 211 13.2 0.27 y Banik et al. (2014)
STOSA T™M1 n,p,a, (A, Z), A 190 144 023 y Shen et al. (2011)
STOSY T™1 n,pa,(AZ),Y 1.64 144 0.18 y Ishizuka et al. (2008)
STOSY = T™1 npa(AZ)Y,= 1.66 136 0.19 y Ishizuka et al. (2008)
STOS~ T™1 n,pa (A Z),x 2.06 136 026 n Nakazato et al. (2008)
STOS*Q T™M1 n,p,a, (A, Z),7,q 185 136 021 n Nakazato et al (2008)
STOSQ T™1 n,pa, (A Z),q 1.81 144  0.20 n Nakazato et al. (2008)
STOSB139 T™M1 npao, (A Z),q 2.08 126 0.26 y Fischer et al. (2014b)
STOSB145 T™M1 npo,(AZ),q 2.01 130 0.25 y
STOSB155 T™I1 n,pao,(AZ),q 1.70 993 025 y
STOSB162 T™1 npa(AZ)q 1.57 8.94 y
STOSB165 T™1 n,pa, (A, Z), 1.51 8.86 y
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Finite temperature EOSs

* |attimer & Swesty (LS) (1991)

based on compressible liquid drop model Hartree-Fock calculation

variants with K=180, 220, and 375 MeV * @G.Shenetal. (2010, 2011)
relativistic mean field theory (NL3, FSUGold)
* H.Shen etal. (1998, 2011)

* Hempel et al. (2012)
relativistic mean field theory (TM1) relativistic mean field theory (TM1, TMA, FSUGold)

including hyperon component (~2011) More recently, Steiner+ (2013), Furusawa+ (2013), etc.

incompressibility | symmetry energy | slope of symmetry energy | I T e I _ T [— Josesr0az2
K [MeV] J (S) [MeV] L [MeV] _ e e B
s LS220
Z STOS
LS 180, 220, 375 29.3 - s 20 === HS(FSUgold)
» — HS(TMA)
é 15} -—_' :2&'&;))
HShen 281 36.9 11 g | g -
w® 10} SFHo
= SFHx
HW 263 32.9 . g . — QB1390507 |
o 271.5 (NL3) 37.29 (NL3) 118.2 (NL3) 00 L R —
en 9 10 11 12 13 14 15 16 17 18 19
230.0 (FSU) 32.59 (FSU) 60.5 (FSU) Radius R [km]
Hempel 318 (TMA) 30.7 (TMA) 90 (TMA) [Fischer, Hempel, Sagert, Suwa, Schaffner-
230 (FSU) 32.6 (FSU) 60 (FSU) Bielich, EPJA, 50, 46 (2014)]
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| Shock radius evolution depending on EOS

[Suwa, Takiwaki, Kotake, Fischer, Liebendorfer, Sato, ApJ, 764, 99 (2013)]
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| Radius of neutron star

[Suwa, Takiwaki, Kotake, Fischer, Liebendorfer, Sato, ApJ, 764, 99 (2013)]
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From supernovae to neutron stars
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From SN to NS-1

[Suwa, Takiwaki, Kotake, Fischer, Liebendorfer, Sato, ApJ, 764, 99 (2013); Suwa, PASJ, 66, L1 (2014)]
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* Progenitor: 11.2 Mo (Woosley+ 2002)

* Successful explosion! (but still weak with E..,~10°Y erg)

* The mass of NS is ~1.3 Mo
* The simulation was continued in 1D to follow the PNS cooling phase up to ~70 s p.b.
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From SN to NS-2

[Suwa, PASJ, 66, L1 (2014)]
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Implications

* Crust formation time should depend on EOS (especially
symmetry energy?)

* \We may observe crust formation via neutrino luminosity
evolution

Cross section of neutrino scattering by heavier nuclei or pasta is
much larger than that of neutrons and protons

Neutrino luminosity may suddenly drop when we have heavier
nuclei!

* Magnetar (large B-field NS) formation

competitive process between crust formation and magnetic field
escape from NS
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Summary

* Supernova explosions by neutrino-heating mechanism
have become possible

* Consistent modeling from iron cores to (cold) neutron
stars (i.e. until NS crust formation) is doable now

related to neutrino observations, magnetar formation, NS pasta,
nuclear EOS...
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Announcement

* A long-term workshop at Yukawa Institute for
Theoretical Physics in Kyoto University

*“Nuclear Physics, Compact Stars, and
Compact-star Mlergers” (NPCSM2016)

*0Oct. 17 (Mon.) -- Nov. 18 (Fri.), 2016

* Please join us!
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