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Classical Simulations
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Modern Simulations

Light ONeMg core + CO shell(1.38M,): weak explosion (O(10°?)erg)

(Progenitor: Nomoto 8-10M))

v-heating + nuclear reaction = weak explosion
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Fig. 1. Mass trajectories for the simulation with the W&H EoS a
function of post-bounce timey ). Also plotted: shock position (thic
solid line starting at time zero and rising to the upper rightner),
gain radius (thin dashed line), and neutrinosphergstliick solid;
ve: thick dashedy,, v,, v:, v.: thick dash-dotted). In addition, tt
composition interfaces are plotted withfférent bold, labelled lines
the inner boundaries of the O-Ne-Mg layer~d1.77 M, of the C-O
layer at~1.26 My, and of the He layer at 1.3769,. The two dot-
ted lines represent the mass shells where the mass spadingeb¢
the plotted trajectories changes. An equidistant spadiBgkd. 02M,

was chosen up t0.3579M,,, between that value and3Ir65Vi,, it was
1.3x 103M,, and 8x 10-°M,, outside.

Kitaura et al., AAp 450(2006)345
(Mezzacappa’07: 11.2Msmodel explodes, too)
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Fig.3. Velocity profiles as functions of radius for ftiérent post-
bounce times for the simulation with the W&H Eo0S. The insbavss
the velocity profile vs. enclosed mass at the end of our sitiona
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Modern simulations with GR 1D Boltzmann v-transfer
canonical models: no explosion
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FiG. 1.—Trajectories of selected mass shells vs. time from the start of the
simulation. The shells are equidistantly spaced in steps of 0.02 M, and the
1 trajectories of the outer boundaries of the iron core (at 1.28 M) and of the
10 silicon shell (at 1.77 M) are indicated by thick lines. The shock is formed

0 0 1 0 2 o 3 O 4 0 5 at 211 ms. Its position is also marked by athick line. The dashed curve shows

the position of the gain radius.

Time After Rolince [sl

WW 15M¢g, Mpe = 1.28Mc, NR Boltzmann
(tangent-ray method), only ve,Ue, without
e"eT < v, LS EOS, Rampp etal., ApJ 539
(2000) L33 Fig.1

NH 13Ms, GR Boltzman, LS EOS+Si burning
Liebendorfer et al., Phys.Rev. D63 (2001) 103004
(astro-ph /0006418 v2) Fig.6

radius [km]

Fi6. 5.—Radial position (in km) of selected mass shells as a function of
time in our fiducial 11 M, model.

time [sec] NR 1D Boltzmann v-transfer, Thompson etal.,
15Mq, Shen EOS, Sumiyoshi et al., 2005. ApJ 592 (2003) 434 Fig.5



Comparison between Boltzmann solvers

300 T 350 [T T 30
| f 300F ]
250 _ : v, 12°
250 -
200 1 & ----VYe 120
> T
= > 2001 =
i 150 T = ‘15 g
x © 150 A
) w
100 1 110 Vv
_ 100 :
50_ _ 50_ l _5
i ] [ I .
a) 0.0 0.1 0.2 0.3 b) -0.1 00 0.1 0.2 0.3

t [s] t [s]

Fic. 5.—(a) Shock position as a function of time for model N13. The shock in VERTEX (#hin line) propagates initially faster and nicely converges after its maximum
expansion to the position of the shock in AGILE-BOLTZTRAN (thick line). (b) Neutrino luminosities and rms energies for model N13 are presented as functions of
time. The values are sampled at a radius of 500 km in the comoving frame. The solid lines belong to electron neutrinos and the dashed lines to electron antineutrinos. The
line width distinguishes between the results from AGILE-BOLTZTRAN and VERTEX in the same way as in (a). The luminosity peaks are nearly identical; the rms
energies have the tendency to be larger in AGILE-BOLTZTRAN.

Liebendorfer et al., ApJ620(2005)840 Fig.5
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Fig. 3. Four representative snapshots from the 2D simulation with the L&S EoS at post-bounce times of 247 ms (top left), 255 ms (top right),
322 ms (bottom left), and 375 ms (bottom right). The lefthand panel of each figure shows color-coded the entropy distribution, the righthand
panel the radial velocity component with white and whitish hues denoting matter at or near rest; black arrows in the righthand panel indicate the
direction of the velocity field in the post-shock region (arrows were plotted only in regions where the absolute values of the velocities were less
than 2 x 10° cms™"). The vertical axis is the symmetry axis of the 2D simulation. The plots visualize the accretion funnels and expansion flows in
the SASI layer, but the chosen color maps are unable to resolve the convective shell inside the nascent neutron star.
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Fig. 4. Left: maximum shock radii (solid lines) and proto-neutron star radii (dashed lines) as functions of post-bounce time for the 2D simulations

with different nuclear equations of state. The neutron star radii are determined as the locations where the rest-mass density is equal to 10" gcm
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Right: shock contours at the different post-bounce times listed in the figure. The vertical axis of the plot is the symmetry axis of the simulation.
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Fig. 6. Isotropic equivalent luminosities of electron neutrinos (top), electron antineutrinos (middle), and one kind of heavy-lepton neutrinos (v,
Vs Ve, OF V75 bottom) versus time after core bounce as measurable for a distant observer located along the polar axis of the 2D spherical coordinate
grid (solid lines). The dashed lines display the radiated luminosities of the corresponding spherically symmetric (1D) simulations. The evaluation
was performed at a radius of 400 km (from there the remaining gravitational redshifting to infinity is negligible) and the results are given for an
observer at rest relative to the stellar center. While the left column shows the (isotropic equivalent) luminosities computed from the flux that is
radiated away in an angular grid bin very close to the north pole, the right column displays the emitted (isotropic equivalent) luminosities when
the neutrino fluxes are integrated over the whole northern hemisphere of the grid (see Eqs. (2) and (4), respectively).
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Fig. 7. Mean energies of radiated neutrinos as functions of post-bounce time for our 1D simulations (fop) and 2D models (middle and bottom) with
both equations of state (the lefthand panels are for the L&S EoS, the right ones for the H&W EoS). The displayed data are defined as ratios of
the energy flux to the number flux and correspond to the luminosities plotted with dashed and solid lines in Fig. 6. The panels in the middle show
results for a lateral grid zone near the north polar axis, the bottom panels provide results that are averaged over the whole northern hemisphere of
the computational grid. In all cases the evaluation has been performed in the laboratory frame at a distance of 400 km from the stellar center.

<w77e> > <wl/:c> but <W17e>rms < <va>rms
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Figure 14. Time evolution of neutrino luminosity and average energy (left) and number spectrum of v, (right) from vRHD and PNSC simulations with the
interpolation (13) for the model with (Mipit, Z, trevive) = (13 Mo, 0.02, 100 ms). In the left panel, solid, dashed, and dot-dashed lines represent v, V., and v,
(dot-dashed lines), respectively. In the right panel, the lines correspond, from top to bottom, to 0.1, 0.25, 0.5, 2, 4, and 15 s after the bounce.

Supernova Neutrino Database: Nakazato et al., 2013
http://asphwww.ph.noda.tus.ac. jp/snn/
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Fig. 8 Neutrino signal computed for the supernova explosion of a star of 27 M., which gives birth
to a neutron star with 1.6 M.,. The left panels correspond to the shock-breakout phase, the middle
panels to the post-bounce accretion phase including the transition to the proto-neutron star cooling
phase, which is given in the right panels. The upper panels display the neutrino luminosities (v,
black; V.: blue; one species of v, ;: red; one species of V ¢: magenta), and the lower panels
panels display the mean energies of the radiated neutrinos. In contrast to Fig. 7, the differences of
heavy-lepton neutrinos and antineutrinos associated with weak-magnetism corrections of neutrino-
nucleon scattering are shown. The slightly lower scattering opacity of V;, ¢ leads to slightly higher
luminosities and higher mean energies (by ~1 MeV) compared to those of v, ;. The explosion sets
in at 0.5 s after core bounce, but accretion onto the proto-neutron star ends only at about 0.75s,
which marks the onset of the cooling phase. (Figure courtesy of Robert Bollig)

Janka, arXiv:1702.08713
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FIG. 1: (a) Shock radii as functions of time. The color-shaded
regions show the ranges of the shock radii, red for the LS
EOS and blue for the FS EOS. The solid lines are the angle-
average values. For comparison, the corresponding results in
spherical symmetry are displayed with dashed lines. (b) Time
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and the angle-averaged mean energies (Fm, dashed lines) for
different species of neutrinos. Both of them are measured
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FIG. 2: Snapshots of entropy per baryon (upper) and fluid-
speed (lower) at ¢ = 200ms. Left and right panels are for the
LS- and FS EOS, respectively.

Nagakura et al., 2017 (Axisymmetric simulation with Boltzmann solver)
Towards full 3D Boltzmann solver
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Table 14.1: The best-fit values and 30 allowed ranges of the 3-neutrino
oscillation parameters, derived from a global fit of the current neutrino oscillation
data (from [60]) . For the Dirac phase § we give the best fit value and the 20 allowed
ranges; at 30 no physical values of § are disfavored. The values (values in brackets)
correspond to m1 < mg < m3 (m3 < mq < ma). The definition of Am? used is:
Am? = m% — (ng +m3?)/2. Thus, Am? = Am%l — Am3,/2 > 0, if m1 < mg < ma,
and Am? = Amg, + Am%l/Q < 0 for mg < m1 < ma.

Parameter best-fit 30
Am3, [107° eV ] 7.37 6.93 — 7.97
[Am?| [1073 eV ?] 2.50 (2.46) 2.37 — 2.63 (2.33 — 2.60)
sin? 019 0.297 0.250 — 0.354
sin? 03, Am?2 > 0 0.437 0.379 — 0.616
sin? 03, Am? < 0 0.569 0.383 — 0.637
sin? 013, Am? > 0 0.0214 0.0185 — 0.0246
sin? 013, Am?2 < 0 0.0218 0.0186 — 0.0248
/7 1.35 (1.32) (0.92 — 1.99)

((0.83 — 1.99))

Particle Data 2016
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Figure 8. Survival probability p(E, t) as function of energy at different times averaging
in energies with the energy resolution of Super-Kamiokande; for a profile with only a
forward shock (left) and a profile with forward and reverse shock (right). At¢ =5s, we
show p(FE,t) including Earth matter effects for a zenith angle of the SN of 62° (black
line).
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ONeMg Supernova (Lunardini, Miiller and Janka, arXiv 0712.3000, 613 O 0O )
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FIG. 1: Snapshots of the electron density profile at t =
0, 50, 100, ...., 700 ms (lines from top to bottom at their left
end, except for the inverted curves for t = 0 and ¢ = 50 ms).

The positions of the supernova shock for ¢ > 200 ms coincide 1.0 F

essentially with the lower right footpoints of the profiles. For i

t = 300 ms we also plot the effective number density of neu- 0.8

trinos (dashed curve, see Eq. (4)), which is responsible for :

the effects of neutrino-neutrino forward scattering. The two o 0.6 /

horizontal lines represent the densities corresponding to the i /,/

two MSW resonances for a neutrino of 20 MeV energy. 0.4
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FIG. 3: The jumping probability Py for ¢t = 60,450, 700 ms
(solid curves, from upper to lower) as a function of sin® ;3
for energy E = 20 MeV. The dashed line shows the same
probability for a Fe supernova with the parameters in ref. [3].
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FIG. 1: The electron neutrino survival probability as a func-
tion of the noise amplitude F' (see Eq. (3)). For each F, ! ! ! ! T !
the calculation was repeated 66 times, with different random
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Figure 4. The random field F' (top panel), the neutrino transition probabilities P,
Figure 1. The density (left panel) and electron fraction (right panel) as a function Pyg and Pys (middle panel), and the antineutrino transition probabilities P2, Pi3 and
of distance at various epochs post-bounce from the simulation by Fischer et al. [47] of Pa3 (bottom panel) as a function of distance r. For the lower two panels the colour
the explosion of a M = 10.8 Mg, progenitor. In both panels the epochs are t = 0.3 s coding is: P2 and Ppz are blue, P13 and Pi3 are red, Pp3 and Pp3 are green. The
(solid), t = 0.4 s (long dashed), t = 0.5 s (dash dot), t = 0.6 s (double dash dot), and density profile is the £ = 0.3 s snapshot shown in figure (1).
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Collective Oscillation 000 Mirizzi et al., arXiv:1508.00785
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Fig. 22. — Snapshots of SN potentials for different post-bounce times (1.0—7.0s) for a 27 Mg SN
progenitor (see Sec. 2). The profile at 0.2s is an illustrative case for a typical condition before
shock revival. The matter potential A, is drawn with thin curves, while the neutrino potential
pr with thick ones. The horizontal bands represent the vacuum oscillation frequencies relevant
for the MSW resonant conversions associated with Am? (wg) and ém? (wr), respectively (see
the text for details).
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Fig. 26. — Case with Fy. : Fy : F =2.40:1.60 : 1.0. Three-flavor evolution in the single-angle

case and in inverted mass hierarchy for neutrinos (left panels) and antineutrinos (right panels).

Upper panels: Initial energy spectra for v. (long-dashed curve) and v, (short-dashed curve)

and for v, after collective oscillations (solid curve). Lower panels: Probabilities Pe. (solid

red curve), P., (dashed blue curve), P., (dotted black curve). (Reprinted figure from [358];
copyright (2011) by the American Physical Society.)
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(2011) by the American Physical Society.)
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Fig. 28. — Case with Fl?ﬁ : F,ge : Fl(/)m = 0.85:0.75: 1.0. Three-flavor evolution in the single-angle
case and in inverted mass hierarchy for neutrinos (left panels) and antineutrinos (right panels).

Upper panels: Initial energy spectra for v, (long-dashed curve) and v, (short-dashed curve) E (MeV) E (MeV)

and for v. after collective oscillations (solid curve). Lower panels: Probabilities P.. (solid

red curve), Pey (dashed blue curve), Pe, (dotted black curve). (Reprinted figure from [358]; Fig. 29. — The same as Fig. 28 but in the multi-angle case. (Reprinted figure from [35¢
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Fig. 30. — Multi-azimuthal-angle flavor evolution for v’s (left panel) and #’s (right panel) in NH
(upper panels) and IH (lower panels) for fluxes with an initial ordering Fy, : Fy. : F) = 2.40:
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collective oscillations. (Reprinted figure from [367]; copyright (2014) by the American Physical
Society.)
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Mirizzi O 0O 0O 0O 0O O O

TABLE II. — Summary of multi-angle effects, 3v effects and spectral splts for different SN neutrino
fluxes, assuming sub-leading matter effects. The cases “accretion, A\, < pur” (“accretion, Ap >
pr”) stand for absence (presence) of multi-angle matter suppression effects.

Initial spectral pattern Multi-angle effects dm?-effects Spectral splits
FBe > F,?w > F,Qe (neutronization) no no no
F) > Fp. > F) (accretion, A\, < i) marginal absent robust
F) > Fp. > F) (accretion, A, > p,) relevant absent no
F) > F) > F5 (cooling) relevant present /absent, smeared
F) ~F) ~ F3 (cooling) strong present washed-out

Mirizzi et al., arXiv1508.00785
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Fast conversion near the core Dasgupta et al., arXiv:1609.00528
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Vir Vry Vs Vr FIG. 2. Sketches of the schematic zenith angle distributions of v, (blue) and 7. (red), used for
the calculations in this section. The left panel shows a spectrum that corresponds to Eq. (9) with
no ingoing v, or 7., while the right panel shows a spectrum with ingoing v, and 7, as in Eq. (24).
The v, and 7, have a flux ratio 1 + a, i.e., more v, than v, when a > 0, and the 7, have a more
forward-peaked distribution, controlled by the parameter b which we always choose to be larger
than the min(v;) for ve.

R~ 0(10km)

FIG. 1. Schematic geometry of the model and flavor-dependent zenith-angle distributions of neu-
trino fluxes. The 3 ellipses are schematic polar plots of the normalized angular distributions of the
Ve (blue), 7. (red), and v, (green) fluxes at the point where the arrows originate.
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FIG. 4. Instability rates for different values of a and b, for evolution in time, without including
inward going modes (left panel) and including inward going modes (right panel). These instabilities
are azimuthally asymmetric, and we found no instabilities if the azimuthal symmetry were to be
exact. There is no dependence on \.
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FIG. 6. Left panel: Normalized flavor-dependent zenith angle distributions of SN neutrinos from
a one-dimensional SN model from the Garching group for a 25 Mg, progenitor at post-bounce time
t = 0.325s and r = 25km [39]. Right panel: Difference of flux-weighted angular spectra of v,
and 7., for two choices of flux ratios corresponding to small asymmetry (dashed line) and large
asymmetry (solid line), respectively. Note that v, and 7, fluxes are equal and thus drop out.
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FIG. 7. Growth of fast instabilities for realistic SN neutrino angular distributions considered in
this paper. The dashed and continuous curves correspond to the flux parameters with small and
large lepton asymmetries, as may be expected due to LESA. While large asymmetries suppress the
fast conversion, for smaller asymmetries there is ~ 20% flavor conversion within a few nanoseconds.
The growth of off-diagonal components is shown on the left panel, while the right panel shows the
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Lepton-Emission Self-sustained Asymmetry: LESA
F, +F, 000000O00O0OF, —F;, 0O0D00O0D0DODOO 10%0000 (dipole )
PNS O 0O convection  PNSO O accretion0 0007000000000 00O0O

Fig. 6. — Time evolution of the lepton-number (v, minus 7.) flux density normalized by the
average value over all directions in a 3D core-collapse simulation of an 11.2 M, progenitor. The
panels show “all-sky” images for the indicated post-bounce times. One can see the emergence
of a clear dipole pattern with strong excess of the v, emission in one hemisphere and a reduced
Ve emission or even excess flux of . in the opposite hemisphere. This phenomenon has been
found in all 3D simulations of the Garching group and was termed LESA for lepton-emission
self-sustained asymmetry. The black dot marks the maximum of the dipole, the cross the anti-
direction. The gray line indicates the path described by a slow drift of the dipole direction.
(Image from Ref. [102]; copyright (2014) by the American Astronomical Society.)

LESA: Mirizzi et al., arXiv1508.00785
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Fig. 7. — Post-bounce evolution of the lepton-number emission in 3D core-collapse simulations
of 11.2 Mg (left), 20 M (middle) and 27 Mg (right) progenitors. The upper panels show the
monopole, i.e., the total lepton-number flux (red curve), and the dipole component (blue curve).
The bottom panels display the polar angles 6 and ¢ defining the dipole direction (i.e., the direc-
tion of the maximum excess of the v, emission relative to the 7, emission) in the polar coordinate
grid of the star (north and south pole directions are indicated by “N” and “S”, respectively).
The monopole and dipole amplitudes Amon and Aqgjp are normalized such that the lepton-number
flux is given by Amon + Adip cos¥ in coordinates aligned with the dipole direction, if the flux
distribution contains only monopole and dipole terms. (Image from Ref. [102]; copyright (2014)
by the American Astronomical Society.)



