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Supernovae are stellar deaths

Baade & Zwicky 1934
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A supernova

(c)ASAS-SN project

Key observables characterizing supernovae
1051erg = 1044J = 6.2x1053GeV
M⦿ (solar mass) = 2.0x1030kg = 1.1x1057GeV/c2

Explosion energy: ~1051 erg
Ejecta mass: ~M⦿
Ni mass: ~0.1M⦿
Neutron star mass: ~1 - 2 M⦿

measured by fitting
SN light curves
(i.e. time evolution of
brightness)

measured by
binary systems

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

Neutrinosphere formation
（neutrino trapping）

Neutron star formation
(core bounce）
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HOW?
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Current paradigm: neutrino-heating mechanism
heating region

shock

cooling region
absorption
neutron star

emission

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
29/11/2016
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Physical ingredients
ALL known interactions are involving and playing important roles

Strong

Weak

- nuclear equation of state
- structure of neutron stars
RNS~10-15 km
max(MNS)> 2 M⊙
- nucleosynthesis

- neutrino interactions
σν~10-44 cm2(Eν/mec2)2
- ~99% of energy is emitted by ν’s
- cooling of proto-neutron star
- heating of postshock material

Electromagnetic

Gravitational

- Coulomb collision of p and e
- final remnants are
pulsars (B~1012 G)
magnetars (B~1014-15 G)
magnetic fields affect dynamics

29/11/2016

- energy budget
EG~3.1x1053 erg(M/1.4M⊙)2(R/10km) -1
~0.17M⊙c2
- inducing core collapse
- making general relativistic objects
(NS/BH)
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The paper opens with descriptions of the initial models
and the numerical methods, focusing on how to model the
collective neutrino oscillations (Section 2). The main results
are shown in Section 3. We summarize our results and discuss
their implications in Section 4.

x

so-called light-bulb approximation and focus on the optically
thin region outside the neutrinosphere (e.g., Janka & Mueller
1996; Ohnishi et al. 2006).
According to Duan et al. (2010), the threshold energy, ϵth , is
set to be 9 MeV, above which spectral swap takes place. Below
the threshold, neutrino heating is estimated from the spectral
transport via the IDSA scheme. Above the threshold, the heating
rate is replaced by
% ∞
QE ∝
dϵν ϵ 3 [j (ϵν ) + χ (ϵν )] fν (r, ϵν ),
(6)

What do simulations solve?

Numerical Simulations

2. NUMERICAL METHODS
2.1. Hydrodynamics

Hydrodynamic
equations

Neutrino Boltzmann
equation

The employed numerical methods are essentially the same as
those in our previous paper (Suwa et al. 2010). For convenience,
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LIEBENDÖRFER, WHITEHOUSE, & FISCHER
Vol. 698
ϵth
we briefly summarize them in the following. The basic evolution
equationsbyarea written
as estimate of the flux factor as suggested and
geometric
(Lindquist
1966;
1972;
Mezzacappa
Bruenn 1993),
where
j and χ are
theCastor
neutrino
emissivity
and &
absorptivity,
reevaluated by Bruenn in Liebendörfer et al. (2004).
spectively, and fν (r, ϵν )!corresponds
to the
distribution
# neutrino
$
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in 0,
detail how these concepts
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(1)Solve
& ∂f
∂fϵ being dthe
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3v of 1the%electron
df
neutrithe framework dt
of the IDSA, which we design for the transport of function for νx+ with
+
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+
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this is∂µoften
cdt
∂r In the cdt
cr approach,
r
massless fermions through a compressible gas. Itssimultaneously
connection nos and antineutrinos.
#
$
Fermi–Dirac
dv diffusion limit is made in Appendix A. In approximated by!the2 "
to the well known
d ln ρ 3v distribution
v
∂fwith a vanishing
= −∇P − ρ∇Φ,
(2)
ρ
+ et al.
+ µ(e.g., Ohnishi
− 2006)
E as
Section 3, wedtevaluate the performance of this approximation chemical potential
cdt
cr
cr
∂E
in comparison
with Boltzmann neutrino transport in spherical
∗
!"
$
de
symmetry. Finally,
in# Section
4, we discuss the extension to
∗
+ ∇ · e + P v = −ρv
· ∇Φ + Q , Suwa et(3)
al.
multidimensional
simulations. Details of the Efinite differencing
dt
and implementation are given in Appendix B.

dYe
= QN ,
dt

(4) 2

2. THE ISOTROPIC DIFFUSION SOURCE
APPROXIMATION
(IDSA)
△
Φ = 4πGρ,
(5)
theΦseparation
intofluid
hydrodynamics
andpresradiative
are density,
velocity, gas
where ρ, v,InPthe
, v,IDSA,
e∗ , and
transfer is not based on particle species, but on the local opacity.
sure including
the radiation pressure of neutrinos, total enOne particle species is allowed to have a component that evolves
ergy density,
gravitational
potential,
respectively.
Theoftime
in the and
hydrodynamic
limit,
while another
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the same
derivatives
are
Lagrangian.
As
for
the
hydro
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we
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the ZEUS-2D
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the more
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computational cost
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Rf ′ dµ′ − f

(7)

$
&
%
R 1 − f ′ dµ′ . (3)

This transport equation describes the propagation of massless
fermions at the speed of light, c, with respect to a compressible
background matter having a rest mass density ρ. The particle
distribution function f (t, r, µ, E) depends on the time, t, radius,
r, and the momentum phase space spanned by the angle cosine,
µ, of the particle propagation direction with respect to the radius
and the particle energy, E. The momentum phase space variables
are measured in the frame comoving with the background matter, which moves with velocity v with respect to the laboratory
frame. We denote the Lagrangian time derivative in the comoving frame by df/dt. Note that the derivatives ∂f/∂µ and ∂f/∂E
in Equation (3) are also understood to be taken comoving with
a fluid element. The particle density is given by an integration
of the distribution function
over the momentum phase space,
(
3
n(t, r) = 4π/ (hc) f (t, r, µ, E) E 2 dEdµ, where h denotes
Yudai Suwa @ Neutrino Frontier
Workshop
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On the right-hand side, we include a particle/15

e
e
,
e
c ρ: density, v: velocity, P: pressure, Φ: grav.
&
d potential, e : total energy, Y : elect. frac.,
s
Q: neutrino terms
;
y
s
e 29/11/2016

f: neut. dist. func, µ: cosθ, E: neut. energy,
j: emissivity, χ: absorptivity, R: scatt.
kernel
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1D SN simulations fail to explode
Rammp & Janka 00

Liebendörfer+ 01

shock

shock

By including all available physics to simulations, we
concluded that the explosion cannot be obtained in 1D!
(There are a few exceptions; 8.8M⊙, 9.6M⊙)
Thompson+ 03

Sumiyoshi+ 05

shock

29/11/2016
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A more detailed analysis of the timescale is shown in specific binding
figure 2. The right half shows !adv =!heat, which is the ratio gravitational ene
of the advection to the neutrino-heating timescale. For the neutrinos, and th
2D model (right panel), it can be shown that the condition of where rgain is th
!adv =!heat & 1 is satisfied behind the aspherical shock, which By comparing le
is deformed predominantly by the SASI, while the ratio is 2D model is sho
drivenshown
by neutrino
heating
simulations
to be smaller than
unity in thewith
whole 2D/3D
region behind
the This is also evide
ciently in multi-D
We now move
Both for model M
model M13-rot-h
2D (maximum)
t1000 and Edia in
study mainly affe
2D (minimum)
phase, which we
For the rotatin
1D deformation afte
although the ` =
when the SASI
a bounce). In co
mation, the ` = 1
for the 2D model
shown in figure 3
geometry, namel
for the 2D mode
(north–south sym
Fig. 1. Time evolution of Models M13-1D and M13-2D, visualized
Since it is imp
by mass shell trajectories in thin gray and orange lines, respectively.
Thick lines in red (for model M13-2D) and black (for model M13-1D)
at this early stage
show the position of shock waves, noting for 2D that the maximum
the integral of th
(top) and average (bottom) shock positions are shown. The red dashed
sum of the specifi
line represents the position of the gain radius, which is similar to the
Figure 4 shows
1D case (not shown).

Neutrino-driven explosion in multi-D simulation
We now have exploding models

Suwa+ PASJ, 62, L49 (2010)
(2D) ApJ, 738, 165 (2011)
ApJ, 764, 99 (2013)
PASJ, 66, L1 (2014)
MNRAS, 454, 3073 (2015)
ApJ, 816, 43 (2016)
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The neutrino heating rate is greatly
amplified by multi-D hydrodynamic
effects
convection
standing-accretion shock
instability
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Dimensionality and neutrino transfer
※grid-based codes only, not completed
Dimension
3D

Only the simulations here can judge
the neutrino-driven explosion

Blondin+, 07

Iwakami+, 08

Takiwaki, Kotake, & Suwa, 12

Mikami+, 08

Scheidegger+, 08

Hanke+, 13

Fernandez+, 10

Nordhaus+, 10

Lentz+, 15

Endeve+, 10

Hanke+, 12

Müller, 15

Couch, 13
Handy+, 14

2D
(axial-sym.)

Yamada & Sato, 94

Kotake+, 03

Burrows+, 06

Blondin & Mezzacappa, 03

Ohnishi+, 06

Buras+, 06

Obergaulinger+, 06

Murphy+, 08

Ott+, 08

Suwa+, 10

Takiwaki+, 09

Müller+, 12

Sekiguchi+, 11

Bruenn+, 13
Obergaulinger+,14
Pan+, 16
O’Connor+, 15

1D
(spherical-sym.)

Rampp & Janka, 00
Liebendörfer+, 01
Thompson+, 03
Sumiyoshi+, 05
O’Connor+, 13

Adiabatic
-

.
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cooling only
or
heat by hand

Spectral transport
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3D simulation with spectral neutrino transfer
[Takiwaki, Kotake, & Suwa, ApJ, 749, 98 (2012); ApJ, 786, 83 (2014); MNRAS, 461, L112 (2016)]
MZAMS=11.2 M⊙

K computer

T2K-Tsukuba

XT4

384(r)x128(θ)x256(φ)x20(Eν)
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Note: there are problems
Explosion energy of simulations (O(1049-50) erg) is much
smaller than observational values (O(1051) erg)
Results from different groups are contradictory
We need still more efforts to understand supernova
mechanism

Key observables characterizing supernovae
1051erg = 1044J = 6.2x1053GeV
M⦿ (solar mass) = 2.0x1030kg = 1.1x1057GeV/c2

Explosion energy: ~1051 erg
Ejecta mass: ~M⦿
Ni mass: ~0.1M⦿
Neutron star mass: ~1 - 2 M⦿

measured by fitting
SN light curves
(i.e. time evolution of
brightness)

measured by
binary systems

final goal of first-principle (ab initio) simulations
29/11/2016
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Possible solution: extension of neutrino transfer eq.

L[ f ]=C[ f ]
Liouville operator
(number conservation in phase space)

Collision operator
(particle interactions)

Relativistic correction

Collision operator used in simulations is truncated up to O(v/c) and
higher order terms are not taken into account, which may change
neutrino spectrum and heating rate.

Quantum correction

Liouville operator is based on classical particle picture. Quantum
effects would introduce additional terms. Related to neutrino
oscillation and chiral anomaly.
29/11/2016

Yudai Suwa @ Neutrino Frontier Workshop 2016

14 /15

Summary

Neutrinos play essential roles in supernova explosions
None of modern simulations have obtained realistic
explosions so far
We might be missing something important
Two possibilities in neutrino transfer equation
relativistic correction
quantum correction
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