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⼤質量星の⼀⽣（重⼒崩壊型超新星になる場合）
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重⼒崩壊型超新星（Core-Collapse Supernova; CCSN）
になるのは初期質量が約10太陽質量以上の星.

星進化の時間スケールは質量に依存する.

⽰しているのは初期質量が約10太陽質量の場合.
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超新星ニュートリノ検出

銀河系内超新星（<30kpc）
ü ⼤量の検出イベント（O(104)）が期待できる.
ü 発⽣率が低い（~1-2/100yr）.

近傍超新星（~Mpc）
ü 発⽣率は稼げる（a few SN/yr）.
ü 検出イベント数が稼げない.

3308 K. Nakamura et al.

Figure 12. The probability of detecting at least a neutrino singlet (dot–
dashed red) and at least a doublet (dashed red) from a CCSN of distance D
away with Hyper-K (left axis). Positron energy bin 18–30 MeV has been
assumed. The equivalents with a Gadolinium-doped Hyper-K are shown by
blue lines as labelled. On the same plot, the cumulative CCSN rate within
distance D is shown (right axis), estimated from observed CCSNe within
the past 15 yr (solid black) and the range of estimates based on observed
galaxy B-band and star formation rates (blue shaded band). The shaded band
includes uncertainties arising from different indicators (B band, H α, and
UV) as well as calibration factors (non-rotating and rotating stellar tracks).
All estimates have been corrected for sky coverage incompleteness (see the
text).

the CCSN as a trigger, narrowing down the time window of neutrino
search. The background rate is ∼0.03 h−1, and by narrowing the
time window to a few hours, the background event will be a small
multiple of 0.03 (see Section 5.2 for more details). The second en-
deavour is background rejection due to Gadolinium doping. In pure
water, the neutron left behind in IBD is captured on free protons and
not registered by the detector. By doping the water with Gadolin-
ium, the Gadolinium readily captures the neutron and produces a
cascade of gamma-rays upon decay, which can be detected by the
PMTs (Beacom & Vagins 2004). This way, IBD and background
can be separated with high efficiency. Dominant backgrounds could
be reduced by a factor ∼5, opening up the wider energy range for
neutrino searches.

The occurrence rate of such opportunities is overlaid in Fig. 12,
where the cumulative CCSN rate estimated directly from CCSN
discoveries is shown (black solid line). We adopt the most recent
15 yr, from 2000–2014 inclusive. We start with the collection of
CCSNe in the past 2000–2011 studied in Horiuchi et al. (2013),
and update it with recent discoveries: SN 2012A in NGC 3239, SN
2012aw in NGC 3351, SN 2014ec in NGC 3351, and SN 2013ej
in NGC 628. For all, we take distances from the 11Mpc H α and
Ultraviolet Galaxy Survey (11HUGS; Kennicutt et al. 2008) cata-
logue of galaxies. There has been on average one CCSN per year
within ∼6 Mpc. Put another way, pure water Hyper-K will have
some ∼20 per cent chance of detecting neutrino doublets or greater
every ∼3 yr.

The CCSN rate can also be estimated from local galaxy cata-
logues. For this, we adopt the CCSN estimates based on galaxy B
bands and galaxy type as reported by Li et al. (2011), as well as four
estimates based on galaxy star formation rate measurements: two
indicators, H α and UV, each with two stellar evolutionary tracks,
non-rotating and rotating. For all estimates, values were first ob-
tained for a well-surveyed patch of sky corresponding to the survey
area of the Local Volume Legacy Survey (Dale et al. 2009), then

corrected for the sky that were not surveyed. The sky-coverage cor-
rection factor is 1.98 (Dale et al. 2009). Since the scatter between
different estimates is larger than the formal uncertainties of each
estimate, we opt to show a band which encapsulates the estimates
from our five methods. Fig. 12 shows that, as pointed out previ-
ously (Ando et al. 2005; Kistler et al. 2011; Horiuchi et al. 2013),
the directly estimated CCSN rate is larger than indirect estimates.

5.2 Electromagnetic waves

We do not discuss the electromagnetic wave signals from extra-
galactic events in detail as they are already well observed. From the
multimessenger point of view, the detection of neutrinos from extra-
galactic events is a significant step for CCSN studies. As discussed
in Section 5.1, for singlet neutrino events, we can reach several Mpc
with Hyper-K. In order to firmly associate singlet neutrino detec-
tions with CCSNe, we need very early detection of electromagnetic
emission, within !1 d after the explosion. For exceptionally well-
observed CCSN, the early light curve can be used to estimate the
collapse time to within a few hours (e.g. Cowen, Franckowiak &
Kowalski 2010), reducing the number of single background events
at neutrino detectors. In other words, electromagnetic surveys act
as triggers and background reduction for neutrino searches.

For this purpose, the entire sky area should be densely monitored
not to miss any CCSNe within ∼5 Mpc. Recent surveys of transients
make it possible to obtain early light curves on a more regular basis.
Since the absolute magnitude of the very early phase (<1 d) of
CCSN is about −14 to −16 mag in optical (Tominaga et al. 2011),
it will be as bright as 14.5–12.5 mag at 5 Mpc (distance modulus of
28.5 mag). This can be detected with small aperture telescopes with
<1 m diameter. Ongoing projects, such as ASAS-SN (Shappee et al.
2014) and Evryscope (Law et al. 2015), will be suitable to monitor
a wide area, and to detect the very early phase of very nearby
CCSNe (Fig. 9). These will provide a significantly better census of
CCSNe in nearby galaxies, each with very early light curves. In the
following section, we discuss the observing strategy in more detail.

5.3 Multimessenger observing strategy

With only several neutrino events, the neutrino burst from an ex-
tragalactic CCSN will reveal IF to look, but it is challenging to
determine WHERE to look. One method to narrow down the survey
area is to use a pre-compiled list of galaxies. For this purpose, the
nearby galaxy catalogue of Karachentsev et al. (2013) is the most
complete. Fig. 13 shows the distribution of nearby galaxies in right
ascension (the declination has been compressed). We label a few of
the prominent clusters of galaxies. These structures explain the ori-
gin of sharp rise in the CCSN rate between 3 and 4 Mpc in Fig. 12.
Also labelled is NGC 253, a prominent nearby star-forming galaxy.

The CCSN rates of the galaxies will serve as a probabilistic guide
for which galaxy hosted the CCSN, which can further strategically
narrow the area to survey. To estimate the CCSN rate of each galaxy,
we adopt a subset of the Karachentsev catalogue for which the star
formation rate can be observationally estimated. About half of the
nearby galaxies have multiband observations from Spitzer-IR, H α,
to GALEX-UV, providing diagnostics of the star formation rate. For
example, the Karachentsev catalogue contains 236 galaxies within
5 Mpc, compared to the H α catalogue’s 131 (Kennicutt et al. 2008),
the UV catalogue’s 154 (Gil de Paz et al. 2007), and the IR cata-
logue’s 112 (Dale et al. 2009). Fortunately, the incompleteness is
most pronounced for the least massive galaxies, and does not dra-
matically impact the completeness of the most important galaxies.

MNRAS 461, 3296–3313 (2016)
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超新星ニュートリノを検出するには
運を天に任せて待つしかない…？



超新星背景ニュートリノ（Diffuse Supernova Neutrino Background; DSNB）

© SK official web cite

過去の重⼒崩壊イベントが放出したニュートリノの重ね合わせ.

RCC：重⼒崩壊（CCSN+BH）のイベント率
星形成率
初期質量関数

dN/dE’：平均ニュートリノスペクトル
あらゆる重⼒崩壊イベントが放出する
ニュートリノの情報

8 S. Horiuchi et al.
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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.

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 imple-
mentations suggest values between 0.2 and 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 equation (12) with neutrino spectral param-
eters predicted by black hole forming simulations (Figure 5).

The predicted weighted average neutrino spectra includ-
ing 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 metallic-
ity 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
1D 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 convection are handled in
the code, as well as the nuclear microphysics implementa-
tion. 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. Nevertheless, the position of the
peak has an uncertainty of some ⇠ 1M� in mass (Sukhbold
& Woosley 2014). To explore other currently-available suites
of pre-supernova progenitor models, we determine the av-
erage neutrino flux employing the pre-supernova models of
Woosley & Heger (2007). This suite of progenitors in general
has similar or higher compactness compared to WHW02,
reaching a peak compactness of ⇠2.5 ⇡ 0.54 compared to 0.43

for WHW02. Also, a second peak in compactness at ⇠ 40M�
is evident, in addition to the peak around ⇠ 20M� that is
seen in WHW02 and Sukhbold & Woosley (2014). These fea-
tures manifest as a harder predicted average neutrino spec-
tra, because higher compactness yields higher neutrino lu-
minosities 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, RCC (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.

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

MNRAS 000, 1–14 (2016)



研究⽬的

SK-Gdが動き出し、近い将来 DSNB の検出が期待される.

検出データから得られる科学的知⾒を最⼤化するには
超新星ニュートリノスペクトルの精密なモデルが必要.

しかも１モデルではなくあらゆる種類（例えば親星質量）
の超新星の平均.

現実的な３次元超新星モデルを多数作成し、DSNB解析に
有⽤な超新星ニュートリノデータを構築する.



KN+15, PASJ, 67, 107

 0

 2

 4

 6

 8

 0  0.1  0.2  0.3  0.4  0.5

ZAMS mass [M!]

ne
ut

rin
o 

lu
m

in
os

ity
 [1

052
er

g/
s]

time after bounce [s]

10.0

20.0

30.0

40.0

 0

 2

 4

 6

 8

 0  0.1  0.2  0.3  0.4  0.5

j2.5

ne
ut

rin
o 

lu
m

in
os

ity
 [1

052
er

g/
s]

time after bounce [s]

0.0

0.1

0.2

0.3

0.4

約400個の親星モデルを⽤いた２次元の重⼒崩壊計算
質量：10-75太陽質量
⾦属量：0-太陽⾦属量

パラメータなしのセルフコンシステント計算なので
親星の質量（密度構造）によってニュートリノ光度
に⼤きな差が現れる.

初期質量よりも
コンパクトネス ξM = M/R(M)

と良い相関を⽰す.

反電⼦型ニュートリノ光度



Horiuchi, Sumiyoshi, KN+18, MNRAS, 475, 1363

ü ２次元計算の結果を使って背景ニュートリノスペクトルを予測
6 S. Horiuchi et al.
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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-

MNRAS 000, 1–14 (2016)
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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 (⇢ > 10

10 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
=
’
i

Ø
�Mi

 (M)dMØ
100

8
 (M)dM

fi(E) , (13)

where �Mi is the mass range of mass bin i,  (M) = dn/dM
is the IMF, and fi(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 Mi . 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⇥ 10

52 erg, mean energy 14.6 MeV, and shape parameter
3.3. The ⌫x depends on the assumed shape parameter. In
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爆発せずBHを形成する場合
（1D GR計算）

CCSNとして爆発する場合
（2D Newtonian計算）

爆発する／しないの
境⽬（ξcrit.）は？
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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, RCC (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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BH寄与⼤

BH寄与⼩

ü CCSN と BH を分けるξcrit.をパラメータとしてDSNBスペクトルを予想. 

KN+15
2D：爆発しやすい、爆発後も強い降着が続く
Newton重⼒、νxの輸送解法近似が簡単、ニュートリノ反応率が古典的

3DnSNeコード（updated! Takiwaki+16, KN+19）
Effective GR重⼒、3-flavor IDSA、最新のニュートリノ反応率
→ この新しいコードを使って3D計算を実⾏



SN 1987A - 観測

üLMC (D ~ 50 kpc)に出現.

Bersten & Hamuy’09

ü光学的情報から Eexp ~ 1.2 foe, MNi ~ 0.07 Msun

ü超新星ニュートリノを初検出！
ü特異な特徴

親星（Sk - 69˚202）：RSG→BSG
化学組成：HeやNが多い(CNOプロセス起源？)
Triple-ring nebula



SN 1987A - 親星モデル

üSlow Merger シナリオ

rx
Center

CO core He layer H-rich envelope

Secondary Star

Spiral-in

injection of angular momentum
→ partially stripped
→ BSG

Stream

fresh (H-rich) fuel
→ CNO cycle
→ He & N production

(Podsiadlowski+)

Urushibata+’18 Menon & Heger’17

Red to blue evolution Yes Yes

Time to collapse Yes No

Origin of the rings Yes No

Anomalies of CNO-process 
elements

Yes Yes

Anomalies of s-process 
elements

？ ？



SN 1987A - 3Dシミュレーション

エントロピーの時間発展
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累計ニュートリノ検出イベント数

最初の1秒で16イベント
（実際は最初の2秒で9イベント）

Eexp ~ 0.15 foe, MNi ~ 0.01 Msun
（実際は Eexp ~ 1.2 foe, MNi ~ 0.07 Msun ）



親星が持つ⾮球対称構造

⼀般に星は球対称ではない.

しかし対流などを考慮しながら星の進化を計算するのはとても⼤変.

これまでの超新星親星モデルはほとんど全て球対称の１次元モデル.

⾮球対称構造が乱流の種となって 衝撃波背⾯での
⾮等⽅運動やSASIを誘発
→ 衝撃波の膨張を助ける.

ongoing core-collapse phase, emitting neutrinos via the pair-
neutrino process.

KamLAND is a one-kiloton size liquid-scintillation-type
neutrino detector (see, e.g., Gando et al. 2013). We take the

neutrino oscillation into account in a simple manner: the
survival probability of Oē is set to be 0.675 and 0.024 in the
normal and inverted mass ordering, respectively (Yoshida et al.
2016). The live-time-to-runtime ratio and the total detection

Figure 7. The time variation of the 28Si mass fraction distribution of model 25M at t=0 s (top left), 10 s (top right), 30 s (middle left), 75 s (middle right), 90 s
(bottom left), and 105 s (bottom right). An animated version of this figure is available, showing the time variation from t=0 to 105 s. The animation duration is 13 s.

(An animation of this figure is available.)

12

The Astrophysical Journal, 00:000000 (20pp), 2019 Month Day Yoshida et al.

Yoshida+’19

ü Yoshida+19, ApJ, 881, 16

星進化の最後の100秒を3DnSEVコード（我々が重⼒
崩壊計算に使⽤している3DnSNeコードの派⽣版）を
⽤いて３次元計算.



親星が持つ⾮球対称構造を考慮した3D CCSNシミュレーション

3Dp（球対称初期条件） （3D初期条件）



親星が持つ⾮球対称構造を考慮した3D CCSNシミュレーション
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��� 衝撃波半径

爆発エネルギー

ニッケル合成量

球対称初期条件から開始した計算(rp)と
3D進化計算の結果から開始した計算(3Dp)を⽐較

3Dpモデルの⽅が早く衝撃波が復活し、
爆発エネルギーおよびニッケル合成量も増加.



親星が持つ⾮球対称構造を考慮した3D CCSNシミュレーション

球対称初期条件から開始した計算(rp)と
3D進化計算の結果から開始した計算(3Dp)を⽐較

3Dpモデルの⽅が衝撃波背⾯でよく物質が
かき混ぜられニュートリノ加熱の効率が
上がっている.
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3Dp

⾮球対称速度成分の⼤きさ

移流／加熱タイムスケール⽐



まとめと今後の展望

ü空間２次元のセルフコンシステントな重⼒崩壊計算結果（KN+ʼ15）に基づいて、超
新星背景ニュートリノのスペクトルを予測した（Horiuchi+ʼ18）.

üしかしこの時に使⽤した超新星モデルは空間２D、Newtonian等、改良の余地がある.

üより現実的な超新星モデルの作成に向けてコードをアップデート（Takiwaki+16, 
KN+19）. 3D超新星シミュレーションを実⾏.

ü最新のSN 1987A連星親星モデル
→ 弱い爆発を得た.

ü⾮球対称な3D親星モデル
→ 衝撃波の復活が早まり爆発エネルギー＆ニッケル合成量増加.

ü現在 9-60太陽質量を網羅する系統的3D MHD計算に着⼿
→ 年度内に10数モデル完了予定


