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ü 2D (short-term) simulations for systematic study of CCSNe.
KN+, PASJ, 67, 107 (2015)

ü 2D long-term simulations.
KN+ in prep.

ü 3D long-term simulations.

u Multi-messenger astronomy
KN+, MNRAS, 461, 3296 (2016)

u Explosive nucleosynthesis
Eichler, KN+, J. of Phys. G accepted.

u Neutrino from Galactic CCSN
Horiuchi, KN+, J. of Phys. G, 44, 114001 (2017)

u Diffuse SN neutrino background
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u NS kick
KN+ in prep.



Numerical simulations of CCSNe

Space:

Neutrino：

Gravity：

３D,
~1013 cm（RSG）

Boltzmann,
Detailed reactions

GR

１D or ２D,
~109 cm（Fe core+Si,O）

Approximated,
Standard reactions

Newtonian
（＋GR correction）

Systematic study using a huge number of progenitors
Space Neutrino Gravity Model #

Ugliano+'12 1D gray effective GR ~100
O'Connor+'13 1D M1 GR 32
Nakamura+'15 2D IDSA+leakage Newtonian ~400



Systematic feature of CCSNe – NS mass

ü Focusing on 101 models with solar metallicity.
(Metal-poor models also show a similar trend.)

ü PNS mass has a large dependence on models,
from ~1.3Mo to >2Mo→BH formation.
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Fig. 1. Mass distribution of some selected models at a pre-collapse stage (top panel) and at the time of
core bounce (bottom).

ξM ≡ M/M⊙

R(M)/1000km
. (1)

The previous studies used M = 2.5 M⊙ (O’Connor & Ott 2011; Ugliano et al. 2012) or 1.75 M⊙

(O’Connor & Ott 2013) and estimated ξM at the time of core bounce. On the other hand, the

outer radius of our computational domain (5000 km) is too small to contain 2.5 M⊙ for all

models and even 1.75 M⊙ for some less massive models (see Figure 1). In this paper, we estimate

ξM at M = 2.0 and 2.5 M⊙ (ξM = ξ2.0, ξ2.5) directly from the progenitor models. It should be

noted that our definition of ξ2.5 gives almost the same value as the compactness estimated at

bounce, because the radius R enclosing 2.5 M⊙ is far from the center and the radial velocity

vR there is very small (e.g., for s15.0 model, R = 1.7×109 cm and vR =−6.8×106 cm s−1). By

comparing the top to bottom panel of Figure 1, the position of the outer envelope (>∼ 108 km)

changes very slightly. This is because of the long dynamical time scale there compared to the

short time period before bounce (∼ 200 ms). Actually ξ2.5 of s15.0 model in our definition is

0.149, which is very close to the value (0.150) estimated by O’Connor & Ott (2011) at bounce.
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ü Monotonic trend in compactness-colored figure.
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Systematic feature of CCSNe – ν luminosity
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ü Focusing on 101 models with solar metallicity.
(Metal-poor models also show a similar trend.)

ü Difference is more than double.
2-6 ×1052 erg/s @ t = 200 ms.

※ smoothed over Δt = 20 ms.

ü Monotonic trend in compactness-colored figure.

Compactness parameter
（O’Connor & Ott 2011）
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Fig. 1. Mass distribution of some selected models at a pre-collapse stage (top panel) and at the time of
core bounce (bottom).

ξM ≡ M/M⊙

R(M)/1000km
. (1)

The previous studies used M = 2.5 M⊙ (O’Connor & Ott 2011; Ugliano et al. 2012) or 1.75 M⊙

(O’Connor & Ott 2013) and estimated ξM at the time of core bounce. On the other hand, the

outer radius of our computational domain (5000 km) is too small to contain 2.5 M⊙ for all

models and even 1.75 M⊙ for some less massive models (see Figure 1). In this paper, we estimate

ξM at M = 2.0 and 2.5 M⊙ (ξM = ξ2.0, ξ2.5) directly from the progenitor models. It should be

noted that our definition of ξ2.5 gives almost the same value as the compactness estimated at

bounce, because the radius R enclosing 2.5 M⊙ is far from the center and the radial velocity

vR there is very small (e.g., for s15.0 model, R = 1.7×109 cm and vR =−6.8×106 cm s−1). By

comparing the top to bottom panel of Figure 1, the position of the outer envelope (>∼ 108 km)

changes very slightly. This is because of the long dynamical time scale there compared to the

short time period before bounce (∼ 200 ms). Actually ξ2.5 of s15.0 model in our definition is

0.149, which is very close to the value (0.150) estimated by O’Connor & Ott (2011) at bounce.
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Compactness - Lν, MPNS

Both have a good linear correlation to the compactness.

PNS mass
＠final simul. time（depends on models）
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Compactness – Eexp.

Ø Step 1: Short-term simulations of CCSN cores.
KN+’15 PASJ, 67 (6) 107

CCSN properties（ν luminosity, PNS mass, etc.）
show good correlations to the compactness ξ.

→ But simulations were too short to find final
explosion energies and Ni yields.

Ø B. Mueller ’15

COCONUT (GR hydro.) - FMT (ν) code
M = 11.0 - 11.6 Mo
2D, n(r)*n(θ) = 550*128

R<5,000km, t<1.5s
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Figure 2. Shock propagation and diagnostic explosion energy Eexpl for the
11.2 M⊙ progenitor in 2D and 3D. The top panel shows the maximum,
minimum (solid), and average (dashed) shock radius for model s11.2_2Da
(black), s11.2_2Db (blue), and s11.2_3D (red). The middle and bottom
panels show the diagnostic explosion energy Eexpl and its time derivative
dEexpl/dt.

Doppler shift and aberration. The neutrino rates include emission,
absorption, and elastic scattering by nuclei and free nucleons [along
the lines of Bruenn (1985)] as well as an effective one-particle rate
for nucleon–nucleon bremsstrahlung and an approximate treatment
of the energy exchange in neutrino–nucleon scattering reactions.
Comparisons of the FMT scheme with the more sophisticated rel-
ativistic neutrino transport solver VERTEX (Rampp & Janka 2002;
Müller et al. 2010) showed excellent qualitative and good quantita-
tive agreement. For more details, we refer the reader to Müller &
Janka (2015).

In order to further alleviate the time-step constraint, the inner-
most part of the computational domain (where densities exceed
∼5 × 1011 g cm−3) is calculated in spherical symmetry using a con-
servative implementation of mixing-length theory for proto-neutron
star convection, a procedure that has been used in the context of su-
pernova simulations before (e.g. Wilson & Mayle 1988; Hüdepohl
2014). The transition density is adjusted such that it lies inside the
convectively stable cooling layer.

In the high-density regime, we use the equation of state (EoS) of
Lattimer & Swesty (1991) with a bulk incompressibility modulus
of nuclear matter of K = 220 MeV. At low densities, we employ an
EoS accounting for photons, electrons, and positrons of arbitrary
degeneracy, an ideal gas contribution from baryons (nucleons, pro-
tons, α-particles, and 14 other nuclear species). Nuclear reactions
are treated using ‘flashing’ as described in Rampp & Janka (2002).

Figure 3. Shock propagation and diagnostic explosion energy Eexpl for the
different progenitors in 2D. The top and middle panels show the maximum
and average shock radius, respectively. The bottom panel shows the diag-
nostics explosion energy Eexpl as a function of time (solid lines). Dashed
lines show the time evolution Eexpl − Eov, i.e. the diagnostic energy cor-
rected for the binding energy (overburden) Eov of the material ahead of the
shock. Red, black, blue, light brown, and green curves are used for models
s11.0_2D, s11.2_2Da, s11.2_2Db, s11.4_2D, and s11.6_2D.

3 OVERV IEW O F SIMULATION R ESULTS

In all our simulations, runaway shock expansion sets in when the
Si/SiO interface reaches the shock and the mass accretion rate drops
rapidly. Figs 2 (all 2D/3D 11.2 M⊙ models) and 3 (long-time evo-
lution of all 2D models) provide an overview over the propagation
of the shock and the growth of the explosion energies for the dif-
ferent models; they show the maximum, minimum (only Fig. 2),
and angled-averaged shock radius, as well as the ‘diagnostic ex-
plosion energy’ Eexpl, which we define as the total net energy (i.e.
gravitational+internal+kinetic energy) of all the material that is
nominally unbound and is moving outwards with positive radial ve-
locity at a given time (cp. Müller et al. 2012a; Bruenn et al. 2014).
The nucleon rest masses are not included in the internal energy, i.e.
nucleon recombination only contributes to the diagnostic energy
once it actually takes places. Fig. 2 also shows the time derivative
of the diagnostic energy. Key results of the simulations, including
the diagnostics energy and the baryonic remnant mass at the end of
the simulations as well as estimates for the final remnant mass (see
Section 3.3 below), are given in Table 1.

3.1 Differences between 2D and 3D during the first second

For the 11.2 M⊙ progenitor, the first second after bounce is shown in
detail in Fig. 2 both in 2D and 3D. In addition, Figs 4 and 5 illustrate

MNRAS 453, 287–310 (2015)
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• Progenitor model
– M = 11.2, 17, 27 Mo, Z = Zo, w/o rotation & B-field
(Woosley, Heger, & Weaver ’02)

• Numerical code
– 2D, n(r)*n(θ) = 1008*128

r=0-100,000 km, θ=0-π
– Neutrino transport
νe,νe：IDSA spectral transport (Liebendoerfer+09)
νx：leakage scheme
with 20 energy bins (< 300 MeV)

・ Numerical computations were carried out on 
Cray XC30 （576 cores × 20 days / model）

• EoS
– LS220 (Lattimer & Swesty ’91) + Si gas

Entropy

Density

2D Long-term CCSN simulation

• Nuclear reactions
– 13α (He-Ni) network
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ü All models exhibit shock revival.
The shock reaches at r = 100,000 km 
(nearly the bottom of He layer) 
within t = 7-8 s.

ü s11.2 model
shows almost converged Eexp & MPNS.
Eexp = 0.19 foe, MPNS = 1.36 Mo

ü s17.0 model
shows still growing Eexp & MPNS at t ~ 7s.
Eexp = = 1.23 foe, MPNS = 1.85 Mo

ü s27.0 model
is similar to s17.0 models, but the PNS 
mass reaches the limit （MPNS = 2.13 Mo）
predicted by 1D GR simulation.
(O’Connor & Ott ’11; KN+’15)

KN+ in prep.
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3D CCSN Simulations
Melson+'15Hanke+'13 Roberts+'16

27 Mo (WHW02)
t < ~400 ms
LS220 EoS
1D gravity + GR correction 

9.6 Mo (A. Heger)
t < ~400 ms
LS220 EoS
1D gravity + GR correction
Yin-Yang grid 

27 Mo (WHW02)
t < 380 ms
LS220 EoS
GR
Cartesian AMR

2 T. Takiwaki et al.

in Section 2. We discuss our results in Section 3, followed by
a summary in Section 4

2 NUMERICAL SETUP AND PROGENITOR

MODEL

Initial conditions are taken from the 11.2 and 27.0 M⊙ pre-
supernova progenitors of Woosley et al. (2002). The mod-
els, which have been used in Takiwaki et al. (2012, 2014);
Hanke et al. (2013); Müller (2015), are useful to clearly ex-
plore the impacts of rotation The initially constant angular
frequency of Ω0 = 1 or 2 rad/s is imposed inside the iron core
with a cut-off (∝ r−2) outside. Although these angular fre-
quencies are close to the high-end of those from most recent
stellar evolution models (e.g., Heger et al. (2000, 2005), see
also discussions in Ott et al. (2006)), we assume such rapid
rotation to clearly see the impacts of rotation in this study.
The model name is labeled as ”s11.2-R1.0-3D”, which repre-
sents the 11.2 M⊙ model with Ω0 = 1 rad/s that is computed
in 3D simulation.

Our numerical method is based on that in
Takiwaki et al. (2014) except several points. We use
the equation of state (EOS) by Lattimer & Douglas Swesty
(1991) (incompressibility K = 220 MeV). Our code
employs a high-resolution shock capturing scheme with
an approximate Riemann solver of Einfeldt (1988) (see
Nakamura et al. (2015) for more details). For the calculation
presented here, self-gravity is computed by a Newtonian
monopole approximation1. Our fiducial 3D models are
computed on a spherical polar grid with a resolution of
nr ×nθ ×nφ = 384× 64× 128, in which non-equally spatial
radial zones covers from the center to an outer boundary
of 5000 km.2 Our spatial grid has a finest mesh spacing
drmin = 0.5 km at the center and dr/r is better than 2% at
r ≥ 100 km. For a numerical resolution test, we compute
high-resolution runs with nr × nθ × nφ = 384× 128× 256.

In total, we have computed nine 3D models, which con-
sists of six models with the fiducial resolution (i.e., the
two progenitors with Ω0 = 0, 1, 2 rad/s) and three high-
resolution runs for the 11.2 M⊙ model. By using the fastest
K computer in Japan, it typically took 2 months (equiva-
lently ∼ 15 Pflops-day computational resources) for each of
the high-resolution runs.

3 RESULTS

Figure 1 summarizes the blast morphology for the 11.2M⊙

(left panels) and 27.0M⊙ star (right panels), which are help-
ful to compare the hydrodynamics features between the non-
rotating (top) and rapidly rotating (bottom) models, respec-
tively.

In the non-rotating models, s11.2-R0.0-3D (top left)

1 Our 3D rotating models with an improved multipole approx-
imation of gravity (e.g., Couch et al. (2013)) explode more en-
ergetically than those only with the monopole contribution (see,
more details in Takiwaki et al. in preparation).
2 This choice of the outer boundary position was shown to be in-
significant especially in the simulation timescale (! 300 ms post-
bounce) in this work (see section 2.3 in Nakamura et al. (2015)).

Figure 1. 3D iso-entropy surfaces showing the blast morphology
for the non-rotating (top panels) and rapidly rotating (bottom
panels) models of the 11.2 (left) and 27.0M⊙ star (right), respec-
tively. For each panel, the time is given at the top right corner,
which is measured relative to core bounce (t ≡ 0). The rotational
axis is shown in the left bottom panel (z-axis) and the viewing
angle of each plot is all the same.

shows typical features of neutrino-driven convection in the
postshock regions. The rising plumes grow stronger and
larger in angular size from the initial small mushroom-like
Rayleigh-Taylor fingers.

In models with rapid rotation, a clear oblate explosion
is obtained for model s27.0-R2.0-3D (bottom right), in which
the revived shock expands more strongly in the equatorial
plane. This feature is only weakly visible for model s11.2-
R2.0-3D (bottom left) due to the early shock revival (see also,
top panel of Figure 2). Later we present detailed analysis of
the origin of the oblate explosion and point out a new aspect
of rapid rotation for assisting explosions.

Before going into detail, let us shortly summarize the
evolution of the shock and (diagnostic) explosion energy of
all the computed models in Figure 2. The top panels are for
the 11.2 M⊙ series with different Ω0 and different numerical
resolution (with the high resolution being ended with H).
The average shock radii of the standard resolution models
(solid line) and high resolution models (dashed line) do not
deviate from each other. It is important to present that our
results do not strongly depend on the grid size3.

The bottom panel of Figure 2 shows that all the vari-
ations of the non-rotating 27M⊙ progenitor star do not
trend toward an explosion very clearly during the simula-
tion, whereas the rapidly rotating model does so (red solid
line) with the diagnostic energy much bigger than those

3 Apparently our resolution is not sufficient for reproducing re-
alistic viscosity (Couch & Ott 2015)). The convergence may be
partly due to the diffusive feature of the HLLE scheme employed
in this work (e.g., Radice et al. (2015)).

MNRAS 000, 1–5 (2016)

Takiwaki+16

11.2 (&27) Mo (WHW02)
t < ~300 (400) ms
LS220 EoS
Newtonian

Kuroda+16

15 Mo (WW95)
t < ~400 ms
DD2/TM1/SFHx EoS
GR; Cartesian FMR



Too much small cell width around the polar.

→ Simulation time stepΔt is very small.

⇒ Estimate Δt in “coarsened grid”.

3D test calculation.

Averaged (or space-integrated) 
values such as shock radius 
show good agreement.

w/ coarsening

w/o coarsening

Mesh coarsening scheme



s11.2 (WHW02)
LS220 + Si gas
2-flavor IDSA + leakage
Newtonian

(preliminary)
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Outline

ü 2D (short-term) simulations for systematic study of CCSNe.
KN+, PASJ, 67, 107 (2015)

ü 2D long-term simulations.
KN+ in prep.

ü 3D long-term simulations.

u Multi-messenger astronomy
KN+, MNRAS, 461, 3296 (2016)

u Explosive nucleosynthesis
Eichler, KN+, J. of Phys. G accepted.

u Neutrino from Galactic CCSN
Horiuchi, KN+, J. of Phys. G, 44, 114001 (2017)

u Diffuse SN neutrino background
Horiuchi, Sumiyoshi, KN+, MNRAS submitted.

u NS kick
KN+ in prep.
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ex.）Expected SN neutrino detection

Progenitor structure (compactness) is determinable ？
YES ! if we have reliable template & distance-independent index.

Progenitor structure from Galactic SN ν
Horiuchi, KN+17
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Diffuse SN neutrino background

Background of SN neutrino in cosmic history.

8 S. Horiuchi et al.

the lower panel, a shape parameter of 3.0 is assumed, but
we will explore values in the range 1.0–4.0 in later sections.

The contribution from collapse to black holes is intro-
duced by considering a critical compactness, ⇠2.5,crit, above
which progenitors are assumed to collapse to black holes.
While this is a simplistic picture of a complex phenomenon,
our prescription is motivated by various studies showing
that large compactness is conducive to black hole formation
(e.g., O’Connor & Ott 2011). In general, the precise value
of ⇠2.5,crit will depend on the explosion mechanism and their
implementation. For the neutrino mechanism, current im-
plementations suggest values between 0.2–0.6 (O’Connor &
Ott 2011; Ugliano et al. 2012; Horiuchi et al. 2014; Pejcha &
Thompson 2015; Ertl et al. 2016). However, ongoing e↵orts
are expected to update predictions in the future. We thus
treat ⇠2.5,crit as a parameter of interest that is predicted by
simulations and to be tested by future observational data.
For the neutrino emission of failed explosions, we adopt the
functional form Eq. (12) with neutrino spectral parameters
predicted by black hole forming simulations (Figure 5).

The predicted weighted average neutrino spectrum in-
cluding contributions from collapse to black holes are shown
as non-solid lines in Figure 6. Four values of ⇠2.5,crit = 0.1,
0.2, 0.3, and 0.43 are shown. Based on the solar metallicity
progenitors of WHW02, these critical values correspond to
failed explosion fractions (the number of failed explosions
over the total number of massive stars in the mass range
8–100M�) of 45%, 17%, 5%, and 0%, respectively. Note that
the largest compactness in the WHW02 solar metallicity
stellar suite is ⇠2.5 ⇡ 0.43. Therefore, values of ⇠2.5,crit above
0.43 means no contribution from collapse to black holes in
our calculations.

The resulting spectra are the combined e↵ect of failed
explosions having lower neutrino total energies and higher
mean energies than the 2D counterparts. The smaller the
critical compactness, the larger the contribution from failed
explosions, and thus the more prominent is the high-energy
component of the mean neutrino spectrum. Adopting a
shallower (steeper) IMF increases (decreases) the empha-
sis on the most massive stars. For example, compared to the
Salpeter IMF, a slope of �2.15 implies ⇠ 30% larger repre-
sentation of the most massive stars M > 40M�. However,
the most massive stars are rare and the increase is mod-
est in absolute terms. Even for the shallow �2.15 slope and
largest failed fraction (⇠2.5,crit = 0.1), the weighted average
neutrino spectrum is only a↵ected at the few percent level
below neutrino ⇠ 30 MeV and ⇠ 15% above ⇠ 60 MeV.

The core compactness of massive stars has recently
been carefully investigated by Sukhbold & Woosley (2014)
using one-dimensional stellar evolution codes. They show
that quantitatively, the compactness of a star depends on a
range of inputs, including not only the initial stellar mass
and metallicity, but also the way mass loss and convec-
tion is handled in the code, as well as the nuclear micro-
physics implementation. However, the authors also show
that qualitatively the compactness robustly follows a non-
monotonic distribution in ZAMS mass, with a peak around
⇠ 20M�. This is the result of the interplay of the carbon-
burning shell with the carbon-depleted core, and later,
oxygen-burning shell with the oxygen-depleted core. Nev-
ertheless, the position of the peak has an uncertainty of
some ⇠ 1M� in mass (Sukhbold &Woosley 2014). To explore
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Figure 6. Weighted average neutrino spectra of ⌫̄
e

(top panel)
and ⌫

x

(bottom panel), based on 101 2D core-collapse simulations
and a collection of simulations of collapse to black holes. The rel-
ative contributions from neutron star and black hole scenarios
are determined by the critical compactness, ⇠2.5,crit; progenitors
with compactness ⇠2.5 > ⇠2.5,crit are assumed to collapse to black
holes. For reference, the fraction of black hole collapses are 45%
(⇠2.5,crit = 0.1), 17% (⇠2.5,crit = 0.2), 5% (⇠2.5,crit = 0.3), and 0%
(⇠2.5,crit = 0.43). Above ⇠2.5,crit = 0.43, there is no black hole con-
tribution.

other currently-available suites of pre-supernova progenitor
models, we determine the average neutrino flux employing
the pre-supernova models of Woosley & Heger (2007). This
suite of progenitors in general has similar or higher com-
pactness compared to WHW02, reaching a peak compact-
ness of ⇠2.5 ⇡ 0.54 compared to 0.43 for WHW02. Also, a
second peak in compactness at ⇠ 40M� is evident, in addi-
tion to the peak around ⇠ 20M� that is seen in WHW02
and Sukhbold & Woosley (2014). These features manifest as
a harder predicted average neutrino spectra, because higher
compactness yields higher neutrino luminosities and mean
energies (Figure 3). In Section 3.4, we show how this a↵ects
the DSNB event rate prediction.

3.3 DSNB flux prediction

The DSNB is determined by integrating the cosmic history
of the comoving core-collapse rate, R

CC

(z), by the mean neu-
trino spectrum per core collapse, dN/dE, appropriately red-
shifted, over cosmic time (see, e.g., Beacom 2010, for a recent
review),

d�
dE
= c

π
RCC(z)

dN
dE 0 (1 + z)

���� dt
dz

���� dz , (14)

where E 0 = E(1+z) and |dz/dt | = H0(1+z)[⌦
m

(1+z)3+⌦⇤]1/2.
We include contributions out to a redshift of 5, which is
su�ciently large to include the majority of the DSNB flux
(Ando & Sato 2004) for ⇠ 10 MeV neutrino energy threshold.
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For the cosmic history of the core-collapse rate, we
adopt those predicted from the comoving star formation rate
(e.g., Hopkins & Beacom 2006), which yields a robust es-
timate for the core-collapse rate regardless of whether the
collapse generates a luminous supernova or not (Horiuchi
et al. 2011). The scaling from the star formation rate to the
core-collapse rate is,

RCC(z) = €⇢⇤(z)
Ø 100
8  (M)dMØ 100

0.1 M (M)dM
, (15)

where ⇢⇤(z) is the cosmic star formation rate in units
M� yr�1 Mpc�3, which is estimated by various priors (e.g.,
far-infrared, ultra-violet, emission lines, and others, see, e.g.,
Kennicutt 1998) as,

€⇢⇤(z) = f
x

L
x

(z) , (16)

where L
x

is the observed luminosity density of the priors
and f

x

is the conversion factor to the star formation rate.
The DSNB prediction depends weakly on the IMF

shape. The IMF is one of the most important inputs deter-
mining the values of f

x

, with variations of close to a factor
⇠ 2 (Kennicutt 1998; Hopkins 2004; Horiuchi et al. 2013).
However, this is nearly fully cancelled by the ratio of inte-
grals in Eq. (15). This is because the massive stars used as
proxies for star formation are close in mass range to core-
collapse progenitors. As a result, the product changes only
at the level of a few percent.

3.4 Neutrino mixing and DSNB detection

The neutrinos that are emitted from the neutrinospheres
undergo oscillations during their propagation to a terrestrial
detector. The oscillation we implement is that of matter-
induced MSW. This results in a ⌫̄

e

survival probability of
cos2 ✓12 for the normal mass hierarchy (NH), where ✓12 is
the solar mixing angle and sin2 ✓12 ' 0.3, and a survival
probability of ⇡ 0 for inverted mass hierarchy (IH) (Dighe &
Smirnov 2000). The terrestrial flux of ⌫̄

e

is therefore given
by,

(NH) Fobs
⌫̄
e

' cos2 ✓12F⌫̄
e

+ sin2 ✓12F⌫
x

, (17)

(IH) Fobs
⌫̄
e

' F⌫
x

. (18)

Additional flavor mixing can be induced by the coherent
neutrino-neutrino forward scattering potential. Although a
complete picture of self-induced flavor conversions under
multi-angle treatment is still missing (for a review, see, e.g.,
Duan et al. 2010; Mirizzi et al. 2016), the most uncertain
epoch is the accretion phase (see, e.g., Chakraborty et al.
2011a), which powers of order tens of percent of the neu-
trino flux. Self-induced e↵ects are not important during the
earlier neutronization burst because of the large excess of
⌫
e

due to core deleptonization (Hannestad et al. 2006), and
is also less relevant during the later cooling phase when the
di↵erent neutrino flavors tend towards similar spectra. Lu-
nardini & Tamborra (2012) investigated the e↵ect of self-
induced flavor conversions on the time-integrated neutrino
emission and found that indeed it is subdominant, a↵ecting
at some O(10)% compared to the MSW e↵ect (see also, e.g.,
Chakraborty et al. 2008). We therefore consider only MSW
e↵ects, but bear in mind that additional oscillation e↵ects
may occur at a subdominant level.

For detection we consider the Super-Kamiokande (SK)
and Hyper-Kamiokande (HK) water Cherenkov detectors,
with 22.5 kton and 374 kton inner volumes, respectively.
The main backgrounds above ⇠ 10 MeV energies are asso-
ciated with atmospheric neutrinos: (1) atmospheric ⌫̄

e

, (2)
charge-current scattering of atmospheric ⌫µ and ⌫̄µ that pro-
duce sub-Cherenkov muons (so-called“invisible muons”), (3)
atmospheric neutral current scattering, and (4) neutral cur-
rent inelastic scattering with pion generation (see, e.g., Bays
et al. 2012, and references therein). SK is currently undergo-
ing preparations to upgrade its tank with gadolinium salt,
which would improve signal/background di↵erentiation by
a delayed neutron-tagging of inverse-� events (Beacom &
Vagins 2004). This would be particularly e↵ective in reduc-
ing invisible muons, which remain the dominant background
for DSNB searches (Bays et al. 2012). It is not determined
whether the technique will be applied in HK, or whether tag-
ging using captures on protons will be improved. We there-
fore conservatively adopt lepton detection enery ranges of
10–26 MeV and 18–26 MeV for SK and HK, respectively.
The cross section for the inverse-� decay interaction in wa-
ter is accurately known (Vogel & Beacom 1999; Strumia &
Vissani 2003). Other large-volume detectors such as JUNO,
DUNE, and other proposals o↵er opportunities for comple-
mentary information (Cocco et al. 2004; Mollenberg et al.
2015; Wei et al. 2017), but the expected event rates are lower
than in HK and we do not consider them in this work.

In Figures 7 and 8 we show the total predicted DSNB
event rates as functions of the critical compactness, ⇠2.5,crit.
As expected, decreasing ⇠2.5,crit increases the predicted
DSNB event rate because of the larger contribution from
failed explosions especially in the higher energy range (see
Figure 6).

In Figure 7 we show some of the important model pre-
diction uncertainties. For this purpose we consider full ⌫̄

e

survival (shown in blue) and no survival (i.e., ⌫̄obs
e

= ⌫
x

,
shown in black). We assume the HK detector. The uncer-
tainty bands due to uncertain cosmic core-collapse rate and
the uncertain ⌫

x

shape parameter between 1.0 to 4.0 are
large, but both are expected to be dramatically reduced
with more observational and theoretical studies in the near
future. We also show the e↵ects of varying the IMF slope
between �2.15 to �2.45. The IMF a↵ects the DSNB via dif-
ferent weights to progenitors, as well as through di↵erent
core-collapse rates, but the combined e↵ects on the DSNB
are small. As a separate prediction curve (not a band) we
also show the results of adopting the pre-supernova progen-
itor models of Woosley & Heger (2007). The Woosley &
Heger (2007) progenitors have higher compactness compared
to WHW02, which results in ⇠ 10% larger DSNB event rates.
Finally, we show the results based on the 18 core-collapse
models of Summa et al. (2016), which are ⇠ 60% larger than
those based on Nakamura et al. (2015). The simulations of
Summa et al. (2016) typically predict larger ⌫̄

e

total energet-
ics, higher mean energies, and smaller shape parameters (see
Figure 4). Although the di↵erences are small, their combined
e↵ects result in a noticeable e↵ect for the DSNB event rates,
which are biased towards the high-energy portion of the neu-
trino emission. The large di↵erence highlights future needs
of improved simulation suites extending to late times. How-
ever, we should caution that we have taken more assump-
tions in our treatment of the Summa et al. (2016) models,
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Figure 1. Time evolution of neutrino spectral parameters for the
core collapse of the 35M� progenitor leading to black hole for-
mation at 630 msec post bounce. The neutrino luminosity (top
panel), mean energy of neutrinos (middle panel), and shape pa-
rameter ↵ (bottom panel) are shown for ⌫

e

(red solid), ⌫̄
e

(blue
dashed), and ⌫µ (black dot-dashed); the ⌫̄µ are not shown for
clarity but are quantitatively very similar to ⌫µ . All quantities
are shown as functions of time after the core bounce.

emitted from the collapse of the 35M� star as an example.
The duration of neutrino burst is short, ⇠ 630 msec for this
case, from core bounce until the termination due to black
hole formation. The rapid increase of the mean energies of
all neutrino species during the short burst is the hallmark
signature of the evolution towards black hole formation. As
the protoneutron star grows massive due to mass accretion,
it becomes compact with increasing density and tempera-
ture. Accordingly, the energies of neutrinos rapidly increase
from the moment of core bounce until the formation of the
back hole.

The initial behavior during core bounce is similar to
the ordinary case of collapse to neutron stars, i.e., neutrinos
showing the usual peaks due to the neutronization burst (in
⌫
e

) and the passage of shock wave. As in the neutron star
case, the ⌫

e

and ⌫̄
e

luminosities originate from the energy
release by neutrinos through electron (positron) absorptions
in the accreting matter and show variations according to
the accretion rate. A peak in the energy of ⌫µ is observed
around the timing of the neutronization burst, which is due
to the passage of the shock wave through neutrinospheres.
High-energy neutrinos are created at high temperature due
to the shock passage right after core bounce. Those neutri-
nos outwardly propagate from the neutrino thermal sphere
and remain without degrading energy until they are emit-
ted from neutrino scattering sphere. This brief hardening
of spectra leads to a temporary drop of the shape parame-
ter. This phenomenon has also been seen in previous studies
(Liebendoerfer et al. 2005; Buras et al. 2006; Lentz et al.
2012b) and is not seen with energy changing reactions.
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Figure 2. The same as Figure 1, but for 2D simulation. The 23M�
progenitor is chosen for comparison, since it has the highest ⇠2.5
among the 101 solar metallicity progenitors of the WHW02 suite
used in this study. The vertical dashed line shows the transition
from numerical hydrodynamic to analytic extrapolation regimes.

2.2 Axis-symmetric simulations

We adopt two sets of 2D axis–symmetric core-collapse mod-
els. In these 2D models, the same EOS (LS EOS with
K = 220 MeV) was adopted as in our 1D models, while
self-gravity and neutrino transport were solved in di↵erent
ways. The first set of simulations we adopt are from Naka-
mura et al. (2015). In these models, self-gravity was com-
puted with a Newtonian monopole approximation, and neu-
trino transport for electron and anti–electron neutrinos (⌫e
and ⌫̄e) were performed with an energy-dependent treatment
of neutrino transport based on the isotropic di↵usion source
approximation (IDSA; Liebendoerfer et al. 2009) with a ray-
by-ray approach. This approximation has a high computa-
tional e�ciency in parallelization, which allows to explore
systematic features of neutrino emission for a large num-
ber of supernova models. Regarding heavy–lepton neutrinos
(⌫

x

= ⌫µ, ⌫⌧, ⌫̄µ, ⌫̄⌧), a leakage scheme was employed to in-
clude cooling processes. Since the leakage scheme does not
enable us to obtain spectral information, we assume that the
average energy of ⌫

x

is given by the temperature of matter
at the corresponding average neutrinosphere.

In Nakamura et al. (2015), 378 non-rotating progen-
itor stars from WHW02 covering zero-age main sequence
(ZAMS) mass from 10.8 M� to 75 M� with metallicity from
zero to solar value were investigated. From these, we choose
101 supernova models with solar metallicity for the current
study. This is because lower metallicity supernovae are dom-
inant in distant galaxies where the neutrinos would su↵er
from energy redshift and thus contribute little to the de-
tectable DSNB signal. The chosen 101 models cover a wide
range of compactness (⇠2.5 from 0.0033 for the 10.8 M�
model to 0.434 for the 23.0 M� model).
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Figure 1. Time evolution of neutrino spectral parameters for the
core collapse of the 35M� progenitor leading to black hole for-
mation at 630 msec post bounce. The neutrino luminosity (top
panel), mean energy of neutrinos (middle panel), and shape pa-
rameter ↵ (bottom panel) are shown for ⌫

e

(red solid), ⌫̄
e

(blue
dashed), and ⌫µ (black dot-dashed); the ⌫̄µ are not shown for
clarity but are quantitatively very similar to ⌫µ . All quantities
are shown as functions of time after the core bounce.

emitted from the collapse of the 35M� star as an example.
The duration of neutrino burst is short, ⇠ 630 msec for this
case, from core bounce until the termination due to black
hole formation. The rapid increase of the mean energies of
all neutrino species during the short burst is the hallmark
signature of the evolution towards black hole formation. As
the protoneutron star grows massive due to mass accretion,
it becomes compact with increasing density and tempera-
ture. Accordingly, the energies of neutrinos rapidly increase
from the moment of core bounce until the formation of the
back hole.

The initial behavior during core bounce is similar to
the ordinary case of collapse to neutron stars, i.e., neutrinos
showing the usual peaks due to the neutronization burst (in
⌫
e

) and the passage of shock wave. As in the neutron star
case, the ⌫

e

and ⌫̄
e

luminosities originate from the energy
release by neutrinos through electron (positron) absorptions
in the accreting matter and show variations according to
the accretion rate. A peak in the energy of ⌫µ is observed
around the timing of the neutronization burst, which is due
to the passage of the shock wave through neutrinospheres.
High-energy neutrinos are created at high temperature due
to the shock passage right after core bounce. Those neutri-
nos outwardly propagate from the neutrino thermal sphere
and remain without degrading energy until they are emit-
ted from neutrino scattering sphere. This brief hardening
of spectra leads to a temporary drop of the shape parame-
ter. This phenomenon has also been seen in previous studies
(Liebendoerfer et al. 2005; Buras et al. 2006; Lentz et al.
2012b) and is not seen with energy changing reactions.
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Figure 2. The same as Figure 1, but for 2D simulation. The 23M�
progenitor is chosen for comparison, since it has the highest ⇠2.5
among the 101 solar metallicity progenitors of the WHW02 suite
used in this study. The vertical dashed line shows the transition
from numerical hydrodynamic to analytic extrapolation regimes.

2.2 Axis-symmetric simulations

We adopt two sets of 2D axis–symmetric core-collapse mod-
els. In these 2D models, the same EOS (LS EOS with
K = 220 MeV) was adopted as in our 1D models, while
self-gravity and neutrino transport were solved in di↵erent
ways. The first set of simulations we adopt are from Naka-
mura et al. (2015). In these models, self-gravity was com-
puted with a Newtonian monopole approximation, and neu-
trino transport for electron and anti–electron neutrinos (⌫e
and ⌫̄e) were performed with an energy-dependent treatment
of neutrino transport based on the isotropic di↵usion source
approximation (IDSA; Liebendoerfer et al. 2009) with a ray-
by-ray approach. This approximation has a high computa-
tional e�ciency in parallelization, which allows to explore
systematic features of neutrino emission for a large num-
ber of supernova models. Regarding heavy–lepton neutrinos
(⌫

x

= ⌫µ, ⌫⌧, ⌫̄µ, ⌫̄⌧), a leakage scheme was employed to in-
clude cooling processes. Since the leakage scheme does not
enable us to obtain spectral information, we assume that the
average energy of ⌫

x

is given by the temperature of matter
at the corresponding average neutrinosphere.

In Nakamura et al. (2015), 378 non-rotating progen-
itor stars from WHW02 covering zero-age main sequence
(ZAMS) mass from 10.8 M� to 75 M� with metallicity from
zero to solar value were investigated. From these, we choose
101 supernova models with solar metallicity for the current
study. This is because lower metallicity supernovae are dom-
inant in distant galaxies where the neutrinos would su↵er
from energy redshift and thus contribute little to the de-
tectable DSNB signal. The chosen 101 models cover a wide
range of compactness (⇠2.5 from 0.0033 for the 10.8 M�
model to 0.434 for the 23.0 M� model).
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Figure 5. Same as Figure 3 but for failed explosions. Note the
di↵erent ranges in both horizontal and vertical axes. From small
to large compactness, points represent the solar metal 40M�
of WHW02, solar metal 25M� of WHW02, zero metal 33M�
of WHW02, zero metal 35M� of WHW02, solar metal 40M�
of WW95, solar metal 40M� of WW95 updated in Heger et
al. (2001), and low metal 30M� of Nakazato et al. (2013). Spec-
tral shape parameter are shown only when relevant information
was available. Straight lines are linear fits through the spectral
parameters.

tion 2.3, the shape parameter is particularly sensitive to the
details of included microphysics.

We next repeat the exercise for collapse to black holes,
shown as solid symbols in Figure 5. For these, the time in-
tegral is performed until the moment of black hole forma-
tion. For consistency, we collect simulations from the liter-
ature that adopt a LS EOS with K = 220 MeV. Hempel
et al. (2012) simulated the collapse of the solar metallic-
ity 40M� star of WW95 updated in Heger et al. (2001),
whose ⇠2.5 ⇡ 0.59. Nakazato et al. (2013) followed black hole
formation in their low metal 30M� progenitor, whose com-
pactness is ⇠2.5 ⇡ 0.74 (private communication). Hudepohl
(2014) simulated the collapse of the solar metal 25M� and
40M� progenitors of WHW02, with compactness ⇠2.5 ⇡ 0.31
and ⇠2.5 ⇡ 026, respectively.

To this list we add simulations of the solar metallicity
40M� star of WW95 with ⇠2.5 ⇡ 0.55 (note the di↵erent
compactness from the version updated in Heger et al. 2001),
as well as the 33M� and 35M� zero-metallicity progenitors
of WHW02 with ⇠2.5 ⇡ 0.39 and 0.52, respectively. Due to
the limited number of black hole forming collapse simula-
tions, we fit the neutrino spectral parameters by a linear
function of ⇠2.5, separately for ⌫

e

, ⌫̄
e

, and ⌫
x

. These are
shown by the solid lines in Figure 5. We find the neutrino
energetics tend to decrease with compactness, which can be
understood by the fact larger compactness progenitors have
shorter durations for black hole formation; it is well approx-
imated as / ⇠�3/2 (e.g., O’Connor & Ott 2011). Although

the shorter duration is partially compensated by higher lu-
minosities, the duration dominates the overall e↵ect. The
neutrino mean energies show a flat (for ⌫

e

and ⌫̄
e

) or rise
(for ⌫

x

) with compactness. The rise in ⌫
x

mean energy is
the hallmark signature of black hole formation: the rapid
mass accretion increases the protoneutron star density and
temperature, which is reflected in ⌫

x

; the other flavors by
comparison have larger neutrinosphere radii and are less af-
fected. For example, the ⌫

e

, ⌫̄
e

, and ⌫
x

neutrinosphere radii
are 60, 58, and 30 km for the neutrino energy of 34 MeV at
400 msec after bounce in the case of 35M�. The protoneu-
tron star radii shrinks to ⇠30 km (⇢ > 1010 g/cm3) by this
time. The shape parameter shows a weak tendency to in-
crease with compactness, which can be understood by the
decrease of duration time with compactness. This is because
the shape parameter has initially high values and a plateau
of low values in the late phase, so shorter duration time re-
sults in larger values of the time-integrated shape parameter.

3.2 IMF-weighted average neutrino spectrum

The average neutrino spectrum per core collapse, dN/dE,
can be derived by evaluating the contribution of a given pro-
genitor by the initial mass function (IMF). Since the IMF
falls steeply with progenitor mass, contributions from lower
mass progenitors become important. We use the ZAMS mass
bins used in WHW02, which runs from 10.8M� to 75M�.
Progenitors with initial masses below this range evolve and
collapse as ONeMg cores (Jones et al. 2013), and is an
important population of the DSNB (e.g., Mathews et al.
2014). We include this population based on the long-term
core-collapse simulation of Hudepohl et al. (2010) who used
the 8.8M� progenitor of Nomoto (1984, 1987). The time-
integrated neutrino spectral parameters (not shown in Fig-
ure 3) are (E tot

⌫ , hE⌫i, h↵i) = (2.07, 8.05, 2.53), (2.08, 9.13, 1.89),
and (2.32, 9.83, 1.43) for ⌫

e

, ⌫̄
e

, and ⌫
x

, respectively, in the
same units are shown in Figure 3. For progenitors above
75M� we extend the 75M� mass bin to 100M�.

The average neutrino spectrum is then obtained as,

dN
dE
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 (M)dMØ 100
8  (M)dM
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i

(E) , (13)

where �M
i

is the mass range of mass bin i,  (M) = dn/dM
is the IMF, and f

i

(E) is the spectrum as defined in Eq. (12)
with neutrino spectral parameters (E tot

⌫ , hE⌫i, h↵i) for the
core collapse of a progenitor of mass M

i

. Since we charac-
terize the spectral parameters in compactness, yet the abun-
dance of progenitors is determined by its ZAMS mass, we re-
quire knowledge of the distribution of compactness in mass,
⇠(M). We adopt the distribution from the pre-supernova
models of WHW02, but explore other possibilities later.
Finally, we adopt a Salpeter IMF with  (M) / M⌘ with
⌘ = �2.35 in the mass range 8–100M�, but explore a liberal
range from �2.15 to �2.45 (Bastian et al. 2010) in our final
calculations.

The resulting average DSNB flux is shown by the solid
curves in Figure 6, for the ⌫̄

e

(top panel) and ⌫
x

(bottom
panel). The average ⌫̄

e

spectrum can be well modeled by the
pinched Fermi-Dirac spectral function with total energetics
4.3⇥ 1052 erg, mean energy 14.6 MeV, and shape parameter
3.3. The ⌫

x

depends on the assumed shape parameter. In
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, and ⌫
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⌫ , hE⌫i, h↵i) for the
core collapse of a progenitor of mass M
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. Since we charac-
terize the spectral parameters in compactness, yet the abun-
dance of progenitors is determined by its ZAMS mass, we re-
quire knowledge of the distribution of compactness in mass,
⇠(M). We adopt the distribution from the pre-supernova
models of WHW02, but explore other possibilities later.
Finally, we adopt a Salpeter IMF with  (M) / M⌘ with
⌘ = �2.35 in the mass range 8–100M�, but explore a liberal
range from �2.15 to �2.45 (Bastian et al. 2010) in our final
calculations.

The resulting average DSNB flux is shown by the solid
curves in Figure 6, for the ⌫̄
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pinched Fermi-Dirac spectral function with total energetics
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Figure 3. Neutrino emission parameters for 2D simulations: to-
tal energetics (upper panel), mean energy (middle panel), and
shape parameter (lower panel) shown for ⌫

e

(red circles), ⌫̄
e

(blue
squares), and ⌫

x

(black diamonds). Each point is a core-collapse
simulation, plotted at the value of the progenitor compactness
⇠2.5.

(2016). Since the high energy component of the neutrino
distribution is essential to determine the shape parameter,
the inclusion of improved neutrino reactions such as inelas-
tic scatterings on nucleons and nuclei, which contribute to
down-scattering of high energy neutrinos, is important for
the detailed prediction of the neutrino spectra.

3 DSNB PREDICTION AND DETECTION

3.1 Characterizing the neutrino emission

For each 2D core-collapse simulation, we estimate the to-
tal energy liberated in the form of neutrinos and the flux-
weighted mean neutrino energy as,

E tot
⌫ =

π
L⌫(t)dt , (10)

hE⌫i =

Ø
E⌫(t) €N⌫(t)dtØ €N⌫(t)dt

, (11)

where €N⌫ = L⌫/E⌫ . The time integrals are performed until
100 sec post bounce. We obtain the spectral shape parameter
h↵i by fitting the time-summed neutrino spectrum to the
pinched Fermi-Dirac functional form (Keil et al. 2003),

f (E) = (1 + h↵i)(1+h↵i)
�(1 + h↵i)

E tot
⌫ E h↵i

hE⌫i2+h↵i
exp


�(1 + h↵i) E

hE⌫i

�
, (12)

where hE⌫i is fixed to the flux-weighted average neutrino
energy, Eq. (11). This yields a better spectral fit than us-
ing a flux-weighted shape parameter analogous to the mean
energy of Eq. (11).

Figure 3 shows the spectral parameters (E tot, hE⌫i, h↵i)
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Figure 4. The same as Figure 3 but showing in bold filled sym-
bols the time-integrated spectral parameters for the simulations
of Summa et al. (2016).

separately for ⌫
e

, ⌫̄
e

, and ⌫
x

, plotted as functions of the com-
pactness ⇠2.5 of the progenitor. The total neutrino energet-
ics show a clear increase with the progenitor compactness,
consistent with previous studies: high compactness leads to
higher mass accretion rate, which leads to larger gravita-
tional energy liberation and hence higher neutrino energet-
ics (Nakamura et al. 2015). We also see a clear hierarchy in
the total energetics in neutrino flavor, ⌫

x

< ⌫̄
e

< ⌫
e

. The ⌫
e

is largest due to the additional contribution from the delep-
tonization of the progenitor core. For mean energy, a mild
increase with compactness is evident. We also see the usual
hierarchy with ⌫

e

being the lowest and ⌫
x

being the high-
est. The shape parameter h↵i shows little variation between
di↵erent compactness or flavor, consistently falling between
3 to 4. As noted in section 2.2, we do not determine h↵i
for ⌫

x

due to limitations in our simulation setup. However,
as discussed in section 2.3, we expect it to be smaller than
the values for ⌫

e

or ⌫̄
e

, and we will explore values between
1.0–4.0 in this paper.

In Figure 4 we plot on the same data the time-integrated
spectral parameters for the 18 2D core-collapse simulations
of Summa et al. (2016). The same qualitative trends are
observed. For example, the hierarchy in the mean energy
and alpha with neutrino species is observed. Most impor-
tantly, the same trends with compactness are observed: rise
in the total neutrino energetics, mild increase in neutrino
average energies, and weak dependence for the shape pa-
rameter. The flavor hierarchy of the total energetics is more
modest in the Summa et al. (2016) models by construction:
since the Summa et al. (2016) simulations terminate earlier
and we assume the gravitational binding energy liberated
in the late-phase is equipartitioned in neutrino species. One
notable di↵erence is seen in the systematically lower shape
parameters. This is not surprising since as discussed in Sec-
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Figure 3. Neutrino emission parameters for 2D simulations: to-
tal energetics (upper panel), mean energy (middle panel), and
shape parameter (lower panel) shown for ⌫

e

(red circles), ⌫̄
e

(blue
squares), and ⌫

x

(black diamonds). Each point is a core-collapse
simulation, plotted at the value of the progenitor compactness
⇠2.5.

(2016). Since the high energy component of the neutrino
distribution is essential to determine the shape parameter,
the inclusion of improved neutrino reactions such as inelas-
tic scatterings on nucleons and nuclei, which contribute to
down-scattering of high energy neutrinos, is important for
the detailed prediction of the neutrino spectra.

3 DSNB PREDICTION AND DETECTION

3.1 Characterizing the neutrino emission

For each 2D core-collapse simulation, we estimate the to-
tal energy liberated in the form of neutrinos and the flux-
weighted mean neutrino energy as,

E tot
⌫ =

π
L⌫(t)dt , (10)

hE⌫i =

Ø
E⌫(t) €N⌫(t)dtØ €N⌫(t)dt

, (11)

where €N⌫ = L⌫/E⌫ . The time integrals are performed until
100 sec post bounce. We obtain the spectral shape parameter
h↵i by fitting the time-summed neutrino spectrum to the
pinched Fermi-Dirac functional form (Keil et al. 2003),

f (E) = (1 + h↵i)(1+h↵i)
�(1 + h↵i)
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exp
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, (12)

where hE⌫i is fixed to the flux-weighted average neutrino
energy, Eq. (11). This yields a better spectral fit than us-
ing a flux-weighted shape parameter analogous to the mean
energy of Eq. (11).

Figure 3 shows the spectral parameters (E tot, hE⌫i, h↵i)
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Figure 4. The same as Figure 3 but showing in bold filled sym-
bols the time-integrated spectral parameters for the simulations
of Summa et al. (2016).

separately for ⌫
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, ⌫̄
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, and ⌫
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, plotted as functions of the com-
pactness ⇠2.5 of the progenitor. The total neutrino energet-
ics show a clear increase with the progenitor compactness,
consistent with previous studies: high compactness leads to
higher mass accretion rate, which leads to larger gravita-
tional energy liberation and hence higher neutrino energet-
ics (Nakamura et al. 2015). We also see a clear hierarchy in
the total energetics in neutrino flavor, ⌫

x

< ⌫̄
e

< ⌫
e

. The ⌫
e

is largest due to the additional contribution from the delep-
tonization of the progenitor core. For mean energy, a mild
increase with compactness is evident. We also see the usual
hierarchy with ⌫

e

being the lowest and ⌫
x

being the high-
est. The shape parameter h↵i shows little variation between
di↵erent compactness or flavor, consistently falling between
3 to 4. As noted in section 2.2, we do not determine h↵i
for ⌫

x

due to limitations in our simulation setup. However,
as discussed in section 2.3, we expect it to be smaller than
the values for ⌫

e

or ⌫̄
e

, and we will explore values between
1.0–4.0 in this paper.

In Figure 4 we plot on the same data the time-integrated
spectral parameters for the 18 2D core-collapse simulations
of Summa et al. (2016). The same qualitative trends are
observed. For example, the hierarchy in the mean energy
and alpha with neutrino species is observed. Most impor-
tantly, the same trends with compactness are observed: rise
in the total neutrino energetics, mild increase in neutrino
average energies, and weak dependence for the shape pa-
rameter. The flavor hierarchy of the total energetics is more
modest in the Summa et al. (2016) models by construction:
since the Summa et al. (2016) simulations terminate earlier
and we assume the gravitational binding energy liberated
in the late-phase is equipartitioned in neutrino species. One
notable di↵erence is seen in the systematically lower shape
parameters. This is not surprising since as discussed in Sec-
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the lower panel, a shape parameter of 3.0 is assumed, but
we will explore values in the range 1.0–4.0 in later sections.

The contribution from collapse to black holes is intro-
duced by considering a critical compactness, ⇠2.5,crit, above
which progenitors are assumed to collapse to black holes.
While this is a simplistic picture of a complex phenomenon,
our prescription is motivated by various studies showing
that large compactness is conducive to black hole formation
(e.g., O’Connor & Ott 2011). In general, the precise value
of ⇠2.5,crit will depend on the explosion mechanism and their
implementation. For the neutrino mechanism, current im-
plementations suggest values between 0.2–0.6 (O’Connor &
Ott 2011; Ugliano et al. 2012; Horiuchi et al. 2014; Pejcha &
Thompson 2015; Ertl et al. 2016). However, ongoing e↵orts
are expected to update predictions in the future. We thus
treat ⇠2.5,crit as a parameter of interest that is predicted by
simulations and to be tested by future observational data.
For the neutrino emission of failed explosions, we adopt the
functional form Eq. (12) with neutrino spectral parameters
predicted by black hole forming simulations (Figure 5).

The predicted weighted average neutrino spectrum in-
cluding contributions from collapse to black holes are shown
as non-solid lines in Figure 6. Four values of ⇠2.5,crit = 0.1,
0.2, 0.3, and 0.43 are shown. Based on the solar metallicity
progenitors of WHW02, these critical values correspond to
failed explosion fractions (the number of failed explosions
over the total number of massive stars in the mass range
8–100M�) of 45%, 17%, 5%, and 0%, respectively. Note that
the largest compactness in the WHW02 solar metallicity
stellar suite is ⇠2.5 ⇡ 0.43. Therefore, values of ⇠2.5,crit above
0.43 means no contribution from collapse to black holes in
our calculations.

The resulting spectra are the combined e↵ect of failed
explosions having lower neutrino total energies and higher
mean energies than the 2D counterparts. The smaller the
critical compactness, the larger the contribution from failed
explosions, and thus the more prominent is the high-energy
component of the mean neutrino spectrum. Adopting a
shallower (steeper) IMF increases (decreases) the empha-
sis on the most massive stars. For example, compared to the
Salpeter IMF, a slope of �2.15 implies ⇠ 30% larger repre-
sentation of the most massive stars M > 40M�. However,
the most massive stars are rare and the increase is mod-
est in absolute terms. Even for the shallow �2.15 slope and
largest failed fraction (⇠2.5,crit = 0.1), the weighted average
neutrino spectrum is only a↵ected at the few percent level
below neutrino ⇠ 30 MeV and ⇠ 15% above ⇠ 60 MeV.

The core compactness of massive stars has recently
been carefully investigated by Sukhbold & Woosley (2014)
using one-dimensional stellar evolution codes. They show
that quantitatively, the compactness of a star depends on a
range of inputs, including not only the initial stellar mass
and metallicity, but also the way mass loss and convec-
tion is handled in the code, as well as the nuclear micro-
physics implementation. However, the authors also show
that qualitatively the compactness robustly follows a non-
monotonic distribution in ZAMS mass, with a peak around
⇠ 20M�. This is the result of the interplay of the carbon-
burning shell with the carbon-depleted core, and later,
oxygen-burning shell with the oxygen-depleted core. Nev-
ertheless, the position of the peak has an uncertainty of
some ⇠ 1M� in mass (Sukhbold &Woosley 2014). To explore
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Figure 6. Weighted average neutrino spectra of ⌫̄
e

(top panel)
and ⌫

x

(bottom panel), based on 101 2D core-collapse simulations
and a collection of simulations of collapse to black holes. The rel-
ative contributions from neutron star and black hole scenarios
are determined by the critical compactness, ⇠2.5,crit; progenitors
with compactness ⇠2.5 > ⇠2.5,crit are assumed to collapse to black
holes. For reference, the fraction of black hole collapses are 45%
(⇠2.5,crit = 0.1), 17% (⇠2.5,crit = 0.2), 5% (⇠2.5,crit = 0.3), and 0%
(⇠2.5,crit = 0.43). Above ⇠2.5,crit = 0.43, there is no black hole con-
tribution.

other currently-available suites of pre-supernova progenitor
models, we determine the average neutrino flux employing
the pre-supernova models of Woosley & Heger (2007). This
suite of progenitors in general has similar or higher com-
pactness compared to WHW02, reaching a peak compact-
ness of ⇠2.5 ⇡ 0.54 compared to 0.43 for WHW02. Also, a
second peak in compactness at ⇠ 40M� is evident, in addi-
tion to the peak around ⇠ 20M� that is seen in WHW02
and Sukhbold & Woosley (2014). These features manifest as
a harder predicted average neutrino spectra, because higher
compactness yields higher neutrino luminosities and mean
energies (Figure 3). In Section 3.4, we show how this a↵ects
the DSNB event rate prediction.

3.3 DSNB flux prediction

The DSNB is determined by integrating the cosmic history
of the comoving core-collapse rate, R

CC

(z), by the mean neu-
trino spectrum per core collapse, dN/dE, appropriately red-
shifted, over cosmic time (see, e.g., Beacom 2010, for a recent
review),

d�
dE
= c

π
RCC(z)

dN
dE 0 (1 + z)

���� dt
dz

���� dz , (14)

where E 0 = E(1+z) and |dz/dt | = H0(1+z)[⌦
m

(1+z)3+⌦⇤]1/2.
We include contributions out to a redshift of 5, which is
su�ciently large to include the majority of the DSNB flux
(Ando & Sato 2004) for ⇠ 10 MeV neutrino energy threshold.
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Figure 7. Predicted DSNB event rate per 10 years in HK
(374 kton inner volume) as functions of the critical compactness
⇠2.5,crit, for full ⌫̄

e

survival (blue) and no ⌫̄
e

survival (black). In
general, oscillations will mix these two, the exact ratios depending
on scenario (e.g., the MSW mixing is shown in Figure 8). Shown
are the variations of our calculations due to (i) the core-collapse
rate (light blue band), (ii) the IMF (dark blue band), (iii) pre-
supernova progenitor compactness (blue dashed line), (iv) core-
collapse simulation setup (blue dot-dashed line) and (v) the spec-
tral shape parameter of ⌫

x

(black band). The uncertainties shown
for full ⌫̄

e

survival (blue bands and curves) will equally apply for
no ⌫̄

e

survival (black), but are not shown for visual clarity.

namely, in the extrapolation to late-times. For the present
purpose, we stress the fact that the predicted DSNB event
rates show a similar rise with smaller critical compactness,
turning around ⇠2.5,crit ⇠ 0.25.

The panels in Figure 8 show results after MSW oscilla-
tions, for SK (top panel) and HK (bottom panel). The error
bands show root-N errors only. The predicted rates rise with
smaller ⇠2.5,crit, but the uncertainty in SK is large, even af-
ter 10 years operation. The predictions for SK and HK show
some subtle shape di↵erences, which arises due to the di↵er-
ent detection thresholds. Since HK is proportionally more
dependent on the higher energy neutrinos, the higher mean
energies of ⌫

x

become relatively more important. HK, with
su�cient event statistics, can test small values of the critical
compactness.

3.5 Impact of nuclear EOS

In addition to the structure of the progenitor, the EOS of
dense matter strongly impacts predictions of the neutrino
signals in the collapse to black holes. While the compact-
ness in large part is reflective of the accretion rate and thus
the evolution of the mass of the protoneutron star, the EOS
determines the critical mass of the fattening central com-
pact object at which dynamical collapse occurs. The maxi-
mum mass that can be supported depends on the sti↵ness of
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Figure 8. The same as Figure 7, but showing the predictions
for MSW mixing implementation for 10 years in SK (22.5 kton
inner volume, top panel) and 10 years in HK (374 kton inner
volume, bottom panel), with each bar width reflecting the statis-
tical square-root N error only, adopting the predictions using the
WHW02 suite of progenitors and assuming ⌫

x

shape parameter
of 3.0. In all predictions, small critical compactness leads to more
massive stars collapsing to black holes, thereby increasing the
DSNB event rate. Apart from a simple normalization, slight dif-
ferences appear between the SK and HK dependences on ⇠2.5,crit,
due to the di↵erent detection threshold.

the EOS and the amount of trapped leptons, as well as the
temperature in the accreting protoneutron star. A soft EOS
leads to a compact protoneutron star with high density and
temperature. This may lead to a high accretion luminosity
of ⌫

e

and ⌫̄
e

from the gravitational energy release and a high
mean energy of ⌫µ and ⌫̄µ due to the di↵usion from the high
temperature core.

For example, the critical mass of the protoneutron star
ranges between a lower value of 2.1M� in baryon mass for the
case of LS EOS and up to 2.7M� for the sti↵er Shen EOS.
This uncertainty results in a factor of ⇠ 2 di↵erence in the
time duration till the black hole formation (Sumiyoshi et al.
2006, 2007; O’Connor & Ott 2011), and therefore, di↵erent
values for the total neutrino energies of the black hole com-
ponent in the prediction of the DSNB. Indeed, adopting the
sti↵er Shen EOS, Lunardini (2009) and Keehn & Lunardini
(2012) have shown that the failed explosion contribution can
double the predicted DSNB events, when a failed fraction of
0.22 is adopted. In fact, as long as other uncertainties can
be controlled, this would open the intriguing possibility to
assess the EOS from the DSNB.

Further investigations of the DSNB by focusing on the
influence of EOS are clearly needed. In particular, it is im-
portant to consider the outcome using new sets of EOS ta-
bles (e.g., Oertel et al. 2016). These EOSs are carefully tuned
to match symmetry energy measurements by recent nuclear
experiments, neutron star radii extracted from astronomical

MNRAS 000, 1–14 (2016)

Predicted DSNB event rate per 10 
years in SK (22.5 kton inner volume, 
top panel) and in HK (374 kton inner 
volume, bottom panel) as functions of 
the critical compactness. 

large contribution from BHs
small

Prediction for DSNB detection by
Super- & Hyper-Kamiokande.

10-yr HK obs. can give a 
restriction of ξcrit.

Diffuse SN neutrino background
Horiuchi, Sumiyoshi, KN+17



Summary

ü 2D (short-term) simulations for systematic study of CCSNe.
CCSN properties are well characterized by compactness.

ü 2D long-term simulations.
Some models presents too energetic (>1051 erg) explosions.

ü 3D long-term simulations.
To find converged values of explosion energy and PNS mass.

u Multi-messenger astronomy   KN+, MNRAS, 461, 3296 (2016)
Neutrino, gravitational wave, and EM wave from Galactic CCSN.

u Explosive nucleosynthesis   Eichler, KN+, J. of Phys. G accepted
Explosive nucleosynthesis based on 2D long-term CCSN simulations.

u Neutrino from Galactic CCSN   Horiuchi, KN+, J. of Phys. G (2017)
CCSN neutrino as a probe of CCSN core structure.

u Diffuse SN ν background   Horiuchi, Sumiyoshi, KN+, MNRAS submitted
Critical compactness above which massive stars collapses to BH.

u NS kick   KN+ in prep
Correlation between NS kick velocity and NS mass.


