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How many neutrinos can we observe now?

Observation of SN1987A with Kamiokande 
11 events 
M = 2.14 kton (full volume of inner tank) 
D = 51.4 kpc (LMC) 

Assume D = 8 kpc (Galactic center) 
with Super-K (M = 32.5 kton) => 6,900 ± 2,100 events 
with Hyper-K (M = 220 kton) => 47,000 ± 14,000 events
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What can we extract from neutrino observations?

Properties of neutron stars 
Binding energy 

important for energetics, done with SN1987A (Sato & Suzuki 1987) 

 

Mass 

important for discriminating final object (NS or BH) 

Radius 
important for discriminating nuclear equation of state 

Eb ≈ GM2
NS

RNS
= 𝒪(1053)erg ( MNS

1.4M⊙ )
2

( RNS
10km )

−1
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The latest SN found in our Galaxy, G1.9+0.3 (<170 years old) © NASA
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FIG. 1: Luminosity of the ⌫e, ⌫̄e and ⌫x species for our 27M�
simulation as measured by a distant observer with angular
coordinates close to the plane of the spiral mode in the first
SASI period.

occurs after a period clearly dominated by convective
overturn. On the other hand, the 11.2M� model does
not exhibit any clear evidence of SASI motions but devel-
ops the typical signatures of postshock convective over-
turn in the neutrino-heating layer.

We will usually show neutrino flux characteristics as
they would be seen by a distant observer located at cho-
sen angular coordinates in the coordinate system of the
SN simulation. For any angular position, the neutrino
luminosity reaching the observer is given by the super-
position of the projected fluxes emitted under di↵erent
angles, as described in Appendix A. Therefore, the ob-
servable neutrino fluxes are weighted hemispheric aver-
ages performed such as to include flux projection e↵ects
in the observer direction. The hemispheric averages, as
expected, show smaller time variations than specific an-
gular rays.

As a benchmark example, we show in Fig. 1 the lumi-
nosity for ⌫e, ⌫̄e and ⌫x = ⌫µ, ⌫⌧ , ⌫̄µ or ⌫̄⌧ as a function of
time, as seen by a distant observer with angular coordi-
nates close to the plane of the SASI spiral mode. Large-
amplitude, near-sinusoidal modulations of the neutrino
signal occur in the interval 120–260 ms as imprinted by
SASI. For 260–410 ms this is followed by a convective
phase, followed by another SASI episode on a di↵erent
plane with respect to the previous one. SASI modula-
tions have a similar amplitude for ⌫e and ⌫̄e, while they
are somewhat smaller for ⌫x.

Figure 2 shows the properties of our 27M� simula-
tion, averaged over all directions, to mimic an equivalent
spherically symmetric case. Of course, this average does
not depend on observer-related projection e↵ects. For
the species ⌫e, ⌫̄e and ⌫x, we show the luminosity, average
energy, and shape parameter ↵ of the assumed spectral
Gamma distribution (Appendix B). The fast time varia-
tions here have very small amplitude, i.e., convection and
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FIG. 2: Neutrino flux properties of our 27M� case after in-
tegrating over all directions. For ⌫e, ⌫̄e and ⌫̄x we show the
luminosity, average energy and shape parameter ↵ from 3D
(in black, blue and red respectively) and 2D (in grey) sim-
ulations for comparison. The single-OM IceCube rate r in
the bottom panel is without dead time for a SN distance of
10 kpc. Blue line: based on ⌫̄e flux without flavor oscillations.
Red line: based on ⌫̄x, i.e., assuming full flavor swap ⌫̄e $ ⌫̄e.

SASI activity do not strongly modulate the overall neu-
trino emission parameters—the modulations in various
directions essentially cancel out.
The hierarchy of fluxes and average energies as well as

A&A 517, A80 (2010)
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Fig. 14. Neutrino luminosities and mean energies with respect to time after bounce for the 8.8 M⊙ O-Ne-Mg-core from Nomoto (1983, 1984,
1987) (left panel) and the 10.8 M⊙ (middle panels) and 18 M⊙ (right panel) Fe-core progenitor models from Woosley et al. (2002), measured in
the co-moving reference frame at a distance of 500 km.

in correlation with the more massive PNSs and the hence larger
number of neutrinos emitted. However, the difference between
electron-neutrino and electron-antineutrino luminosities found
in the present investigation is significantly lower than the differ-
ence in Woosley et al. (1994). During the initial explosion phase
until about 300 ms after the onset of the explosion, the electron
antineutrino luminosity is slightly higher than the electron neu-
trino luminosity by about 1 × 1050 erg/s which in our models
explains the electron fraction of Ye > 0.5 of the early explosion
ejecta. After about 900 ms post-bounce, the luminosities can
hardly be distinguished where during the initial neutrino-driven
wind phase after about 1 s after bounce the electron neutrino lu-
minosity becomes higher than the electron antineutrino luminos-
ity by about 1 × 1050 erg/s. This difference reduces again at later
times at about 6 s post-bounce and the electron flavor neutrino
luminosities become more and more similar (see Fig. 14).

Even more different are the values and the behavior of
the mean neutrino energies, see Fig. 14 and compare with
Fig. 2 of Woosley et al. (1994). They found (µ/τ)-neutrino en-
ergies of about 35 MeV which remained constant with respect
to time. Their electron-antineutrino energies increased slightly
from about 20 MeV to 22 MeV where the electron-neutrino en-
ergies decrease from 14 MeV to 12 MeV. This increasing dif-
ference between the electron neutrino and antineutrino spectra
favored neutron-rich material, which was consistent with their
findings of Ye < 0.5 for the material ejected in the neutrino-
driven wind in Woosley et al. (1994). We cannot confirm these
results for the mean neutrino energies nor the evolution of
the spectra. In contrast, all mean neutrino energies decrease
with respect to time for all our models. This is a consequence
of lepton number and energy loss of the central PNS where
the neutrinos diffuse out. The electron (anti)neutrino energies
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early phase →highly uncertain  
(Expl. mechanism, accretion, 
muti-D effects, ν-osc., etc.)

late phase →less uncertain
(NS mass, temperature)

Late cooling phase is simple and understandable

6

Tamborra+ 2014

Fischer+ 2010

talks by 
Tianshu, Takiwaki-san, 
Nagakura-san

Strategy: 
• Derive NS parameters from the late cooling phase as a 0-th order baseline 
• Use early-phase deviations from this baseline to investigate explosion 

mechanisms, etc. 

Understanding late cooling phase is essential ! 
(like a time-reversed approach to compact object merger analysis)

see also Burrows 1988, Fischer+ 2009, Hüdepohl+ 2010, Roberts+ 2012, Mirizzi+ 2016, Li+ 2021



Yudai Suwa (UT/YITP) @ Theories of Astrophysical Big Bangs 2025 /1818/2/2025

What we have done so far: 3 steps

7

step 1

NUMERICAL SIMULATIONS

• Cooling curves of PNS 

• Detailed physics included 

• Discrete grid of data set 

• Computationally expensive

step 2

f(x)

ANALYTIC SOLUTIONS

• Analytic cooling curves 

• Calibrated w/ numerical sol. 

• Simplified but essential 

physics included 

• Fast and continuous

step 3

DATA ANALYSIS

• Mock sampling 

• Analysis pipeline for real 

data 

• Error estimate for future 

observations
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Numerical simulaions

Event rate evolution is calculated beyond 100 s 
with neutrino luminosity and energy spectrum  
with full volume of SK’s inner tank (32.5 kton) 
assuming an SN at 10 kpc 

detector response for inverse beta decay ( )  

Event rate is not related to progenitor mass, but to PNS mass
ν̄e + p → e+ + n

8

Observing SN Neutrinos 7

Table 1. Event numbers for a supernova at 10kpc.

Model MZAMS trevive MNS,g Ntot N(0  t  0.3) N(0.3  t  1) N(1  t  10) N(10  t  20) N(20  t)

(M�) (ms) (M�)

N13t100 13 100 1.39 3067.2 1210.5 (39.5%) 475.9 (15.5%) 1087.2 (35.4%) 293.6 ( 9.6%) — ( — )

N13t200 13 200 1.46 3676.6 1672.8 (45.5%) 507.6 (13.8%) 1165.2 (31.7%) 331.1 ( 9.0%) — ( — )

N13t300 13 300 1.50 4246.4 1807.2 (42.6%) 895.2 (21.1%) 1192.4 (28.1%) 351.7 ( 8.3%) — ( — )

N20t100 20 100 1.36 2890.6 1089.7 (37.7%) 468.7 (16.2%) 1052.7 (36.4%) 279.4 ( 9.7%) — ( — )

N20t200 20 200 1.42 3342.3 1437.8 (43.0%) 481.5 (14.4%) 1113.4 (33.3%) 309.6 ( 9.3%) — ( — )

N20t300 20 300 1.45 3669.8 1525.7 (41.6%) 695.1 (18.9%) 1126.7 (30.7%) 322.4 ( 8.8%) — ( — )

N30t100 30 100 1.49 3807.4 1649.9 (43.3%) 550.1 (14.4%) 1252.6 (32.9%) 354.8 ( 9.3%) — ( — )

N30t200 30 200 1.66 5551.4 2952.4 (53.2%) 691.9 (12.5%) 1453.5 (26.2%) 453.6 ( 8.2%) — ( — )

N30t300 30 300 1.78 7332.8 3363.4 (45.9%) 1919.6 (26.2%) 1533.4 (20.9%) 516.4 ( 7.0%) — ( — )

N50t100 50 100 1.52 3788.9 1542.3 (40.7%) 553.2 (14.6%) 1314.8 (34.7%) 378.5 (10.0%) — ( — )

N50t200 50 200 1.63 4883.1 2399.6 (49.1%) 616.1 (12.6%) 1428.4 (29.3%) 439.0 ( 9.0%) — ( — )

N50t300 50 300 1.69 5952.3 2657.4 (44.6%) 1352.7 (22.7%) 1466.4 (24.6%) 475.9 ( 8.0%) — ( — )

147S — — 1.35 2205.4 — ( — ) 434.3 (19.7%) 1278.5 (58.0%) 345.1 (15.6%) 147.5 ( 6.7%)

M2H — — 2.05 8032.8 — ( — ) 1554.6 (19.4%) 2998.7 (37.3%) 1268.3 (15.8%) 2211.2 (27.5%)

M1H — — 1.20 2390.7 — ( — ) 825.5 (34.5%) 1173.9 (49.1%) 288.0 (12.0%) 103.3 ( 4.3%)

M2L — — 2.05 4734.9 — ( — ) 674.5 (14.2%) 2008.3 (42.4%) 867.1 (18.3%) 1185.0 (25.0%)

M1L — — 1.20 1382.8 — ( — ) 376.5 (27.2%) 824.7 (59.6%) 148.4 (10.7%) 33.2 ( 2.4%)

Note— MZAMS is the zero-age main sequence mass of the progenitor model. trevive is the shock revival time. MNS,g is the
gravitational mass of PNS. These three numbers are taken from Nakazato et al. (2013). Ntot is the total number of neutrinos.
N(tmin  t  tmax) gives event numbers between tmin and tmax, which are in seconds. The number in brackets are percentage
by the total number. For models N??t???, since the data for t < 20s is only available, the event number afterward is not given.

For models M??, since the only PNS cooling phase is calculated, the event number before 0.3 s is not given.
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Figure 4. Expected number of IBD events as a function of
time after bounce in the early phase for the supernova at 10
kpc in the 13, 20, 30, 50M� models with red, blue, green
and purple lines, respectively (Z = 0.02, trevive = 300 ms).
The error bar is given by the square root of the event rate
(Poisson distribution).

When the event rate of the neutrinos drops depends
on the shock revival time, which is shown in Fig. 5. If
the shock wave stalls until trevive = 300 ms, the event
rates stay at a certain level with continuing accretion.
In the case of trevive = 100 ms or 200 ms, the event rates
rapidly decrease because the accretion ends due to the

shock revival in our model. By the transition from the
accretion phase to the di↵usion phase, we see the drop
of event rates at the timing of transition.
We expect to detect such a transition of luminosity

(event number) from observation when the shock wave
revives and the accretion halts from the light curve of
neutrinos. Although the current set of database is based
on the 1D core-collapse dynamics and PNS cooling mod-
els, we envisage occurrence of the transition even under
more complicated situations as seen in modern 2D/3D
simulations. We remark that one expects more varia-
tions such as oscillating event numbers in the 2D/3D
simulations through hydrodynamical instabilities and
non-uniform accretion with deformed shock geometry
(e.g., Tamborra et al. 2013; Takiwaki & Kotake 2018).
Our analysis here is the basis to extract such hydro-
dynamical complications by setting the standard curve
obtained from spherical dynamics.
In the late phase of the time evolution for 20 sec, the

neutrino signals reflect the properties of cooling PNSs.
Gradual decrease of the neutrino luminosity originates
from the di↵usion of neutrinos from the central part.
The luminosity depends mainly on the mass of PNS
born in the collapse of the progenitor. In Fig. 6, the
time profile of expected number of events is shown for
the progenitor models of 13–50M� with trevive = 300 ms.

8 nuLC collab.
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Figure 5. Same as Fig. 4, but for the expected number of
IBD events as a function of time after bounce in the early
phase for the supernova at 10 kpc in the 50M� model (Z =
0.02) for trevive = 100, 200, 300 ms with dotted, dashed and
solid line, respectively.

The slope of time profiles are similar among 4 models
and its amplitude depends on the PNS mass. The num-
ber of events is largest for 30M� model having the grav-
itational mass of 1.78M� for the remnant neutron star
and smallest for 20M� model with 1.45M�.
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Figure 6. Expected number of IBD events as a function
of time after bounce in the late phase for the supernova at
10 kpc in the 13, 20, 30, 50M� models with dashed, dotted,
dash-dotted and solid line, respectively (Z = 0.02, trevive =
300 ms).

The number of events depends on the shock revival
time, which determines the remnant mass through the
cease of accretion, for the same progenitor model. In
Fig. 7, we see that the expected number of events de-
pends on the shock revival time for the 50M� model.
The di↵erence among three cases comes from di↵er-
ent PNS masses of 1.52M�, 1.63M� and 1.69M� for
trevive =100, 200, 300 ms, respectively. The case of

largest PNS mass leads to the largest number of events
because of the largest energy release of gravitational en-
ergy. Therefore, the late phase of light curve of neutrinos
is important to extract the properties of compact object.
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Figure 7. Expected number of IBD events as a function
of time after bounce in the late phase for the supernova at
10 kpc in the 50M� model (Z = 0.02) for trevive =100, 200,
300 ms with dotted, dashed and solid line, respectively.

Note that the profiles of the remnant is in princi-
ple determined by the complicated explosion mechanism
through the collapse and bounce of progenitors. The
shock revival time is in this sense a simplified guide to
construct a series of PNSs in the 1D explosion mod-
els. In order to extract the remnant properties from the
observations, one needs to carefully explore unknown
parameters of remnant in the time profile of event num-
ber. To distinguish various di↵erences, we explore fur-
ther longer time in the late phase in later sections.
In Fig. 8, we show the expected total number of IBD

events as a function of the distance to the source of
supernova neutrino burst. The total number is obtained
by the time integral of the event rates up to 20 s at
the end time in database. Each line corresponds to the
total number for a model (progenitor mass, metallicity,
shock revival time) in the supernova neutrino data base.
The total number typically amounts to ⇠ 4⇥103 events
for the distance of 10 kpc. Its magnitude ranges by
a factor of 5 depending on the remnant mass coming
from the progenitor. Among the models, the largest
case is the 30M� model with trevive = 300 ms. The
smallest case is the 20M� model with trevive = 100 ms.
The corresponding PNS masses range from 1.36M� to
1.78M� in the database.

4.2. Results for new PNS cooling models

We further investigate the event rates of neutrino
bursts using the PNS models in §2.2 to determine the

MPNS= 
1.78M⊙ 
1.69M⊙ 
1.50M⊙ 
1.45M⊙

[Suwa, Sumiyoshi, Nakazato, Takahira, Koshio, Mori, Wendell, ApJ, 881, 139 (2019); 
Nakazato, Nakanishi, Harada, Koshio, Suwa, Sumiyoshi, Harada, Mori, Wendell, ApJ, 925, 98 (2022)]
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the total energy emitted by all flavors of neutrinos Etot. Note that the boosting factor

β is time-dependent because the heavy nuclei in the crust are absent for the early phase

and appear later once the temperature decreases below the Coulomb energy of the lattice

structure [11]. Therefore, we propose a two-component model to reproduce numerical models

of neutrino-light curves. The first component represents the early time without coherent

scattering (β = 3) and the second component represents the late time with the opacity boost

by the coherent scattering (β ≫ 1). The neutrino luminosity is given by the total luminosity

of two components, L1 + L2, and the average energy is estimated by the harmonic mean,
L1 + L2

L1/ ⟨E1⟩+ L2/ ⟨E2⟩
, where Li and ⟨Ei⟩ give the luminosity and average energy of i-th

components.
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Fig. 1 Luminosity (red) and average energy (blue) evolution for a flavor of neutrinos. The

first component is a model with β = 3 and Etot = 4× 1052 erg and the second component

is a model with β = 40 and Etot = 1× 1053 erg. For both components, MPNS = 1.5M⊙,

RPNS = 12 km, and g = 0.04. Grey lines are luminosity and average energy of ν̄e of the

model 147S in Ref. [12].

Figure 1 shows a comparison of the analytic model given here (colored lines) and the

numerical model 147S presented in Ref. [12] (grey lines), which is a numerical solution of

PNS cooling calculation that solves neutrino transfer equation with a nuclear-physics based

equation of state as well as the general relativistic hydrostatic equation. For the analytic

model, we employ the early-time solution (dashed lines) and the late-time solution (dotted

lines). The early-time solution indicates the cooling curve without the solid crust composed

of heavy nuclei (i.e., low β), while the late-time solution includes it (i.e., high β). The solid

red line is the total luminosity of the early-time and the late-time solutions, and the solid blue

line is the harmonic mean of the two average energies. The general profiles of the detailed

numerical solutions are reproduced well by the simple analytic solutions presented in this

paper. In the very early phase (t ! 1 s), the PNS contracts so that the gravitational energy
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numerical 
(Suwa+ 2019)

Solve neutrino transport eq. analytically  
Neutrino luminosity 

  

Neutrino average energy   

  

two-component model  
early cooling phase (β=3) 
late cooling phase (β=O(10))

L = 3.3 × 1051 erg s−1 ( MPNS
1.4M⊙ )

6

( RPNS
10 km )

−6

( gβ
3 )

4

( t + t0
100 s )

−6

⟨Eν⟩ = 16 MeV ( MPNS
1.4M⊙ )

3/2

( RPNS
10 km )

−2

( gβ
3 ) ( t + t0

100 s )
−3/2

Analytic solutions

9

[Suwa, Harada, Nakazato, Sumiyoshi, PTEP, 2021, 0130E01 (2021)]
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[Suwa, Harada, Harada, Koshio, Mori, Nakanishi, Nakazato, Sumiyoshi, Wendell, ApJ, 934, 15 (2022); 
 Harada, Suwa, Harada, Koshio, Mori, Nakanishi, Nakazato, Sumiyoshi, Wendell, ApJ, 954, 52 (2023)]

Analysis code SPECIAL BLEND is available on github
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Next steps

Completed: Basics of quantifying supernova neutrinos (cf. ). 

Up Next: Exploring applications 
Measuring distances using only neutrinos 
Gathering insights on nuclear matter at neutron star surfaces 
Probing for new physics

MNS, RNS, Eν

11
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Analytic solution tells us 
(measured) PNS radius and 
source distance are correlated

Figure 11. The 25th to 75th percentile range (blue shading) and the 5th to 95th percentile range (pink shading) of the radius as a function of mass, for non-rotating
neutron stars. The faint lines show the mass–radius relations of representative individual EOS (see the text for details). At each mass only EOSs that can reach that
mass contribute to the radius posterior; thus at high masses, which require hard EOSs, the radii become larger. We use the Gaussian process EOS model for the same
progression of measurements as in Figure 9, where S is the symmetry energy, M refers to the high masses of three pulsars, and Λ indicates the gravitational wave
measurements of tidal deformability for GW170817 and GW190425. In each panel, we only include masses below the 95th percentile of the maximum mass for non-
rotating neutron stars (see Figure 12 for a closer investigation of the maximum mass). See Table 4 for details of how our radius bounds change between EOS models
and when including different observations. The agreement between the methods, particularly at the ±1σ level, is another indication of improving convergence between
models.

Table 4
Summary of Maximum Mass and Radii at 1.4 Me and 2.08 Me

EOS Model Measurements M Mmax ( ): Re(1.4 Me), km Re(2.08 Me), km

−1σ Median +1σ −1σ Median +1σ −1σ Median +1σ
Gaussian S, M, Λ 2.12 2.27 2.52 10.92 12.23 12.93 10.80 11.97 12.86

+J0030 2.13 2.30 2.54 11.88 12.51 13.02 11.39 12.27 12.95
+J0740 2.08 2.23 2.47 12.17 12.63 13.11 11.60 12.28 12.88

Spectral S, M, Λ 2.28 2.55 2.88 10.41 11.43 12.40 10.79 11.81 12.97
+J0030 2.39 2.78 2.93 11.52 12.22 12.67 11.56 12.77 13.11
+J0740 2.23 2.74 2.92 11.79 12.30 12.84 11.83 12.78 13.11

Piecewise S, M, Λ 2.13 2.37 2.64 11.26 12.32 12.89 11.04 12.21 12.90
polytrope +J0030 2.14 2.41 2.65 11.95 12.47 12.94 11.42 12.35 12.94

+J0740 2.09 2.27 2.61 12.16 12.56 13.01 11.67 12.36 12.91

Note. Maximum gravitational masses and equatorial circumferential radii at M = 1.4 Me and M = 2.08 Me (the best estimate of the mass of PSR J0740+6620), all at
±1σ for nonrotating stars, inferred using our three EOS frameworks with three different sets of measurements. The S, M, Λ set includes constraints on the symmetry
energy, the high masses of three pulsars, and the two LIGO/Virgo tidal deformability measurements. The +J0030 set also includes the Miller et al. (2019)
measurement of the radius and mass of PSR J0030+0451. The +J0740 data add our measurement of the radius of PSR J0740+6620. We see that the radius estimates
tighten with addition of more data, and in particular that the final ±1σ radius range for a 2.08 Me star, spanning all three EOS frameworks (11.60–13.11 km), is very
similar to the final ±1σ radius range for a 1.4Me star, spanning all three EOS frameworks (11.79–13.11 km).
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with NS radius constraint
15% (2σ)
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section, which dominates the late-time properties and is useful for extracting physical parameters.
The event rate is approximately given by the total number of protons in the detector, the number
of anti-electron-type neutrinos coming into the detector, and the cross section of inverse beta decay
that is the main interaction capturing neutrinos. The event rate is given by

R ≈ 2
18

Mdet

m
L

4πD2 ⟨Eν⟩
⟨σ ⟩ (53)

≈ 210 s−1
(

Mdet

32.5 kton

) (
D

10 kpc

)−2 (
L

1051 erg s−1

) ( ⟨Eν⟩
15 MeV

)
, (54)

where Mdet is the detector mass (32.5 kton corresponds to the entire volume of the inner tank of
Super-Kamiokande), m is the nucleon mass, D is the distance between an SN and the Earth, and
σ is the cross section of inverse beta decay (p + ν̄e → n + e+). For the cross section, we use
σ (E) = σ0(E/MeV)2 with σ0 = 9.4 × 10−44 cm2 [28] and, by assuming the thermal spectrum,
⟨σ ⟩ =

∫
σ (E)(ε

eq
E /E)dE/

∫
(ε

eq
E /E)dE = (F4/F2)σ0(kBT/MeV)2 = (F2F4/F2

3 )σ0(⟨Eν⟩ /MeV)2.
Since the factor 2/18 is for counting the hydrogen number in water molecules, 2Mdet/18m is the
total number of hydrogen in the detector. Introducing Eqs. (47) and (50), we get

R ≈ 720 s−1
(

Mdet

32.5 kton

) (
D

10 kpc

)−2 (
MPNS

1.4 M⊙

)15/2 (
RPNS

10 km

)−8 (
gβ

3

)5 (
t + t0
100 s

)−15/2

.

(55)

The average energy of positrons is given by

Ee+ ≈

∫ ∞

0
σ (E)ε

eq
E dE

∫ ∞

0
σ (E)(ε

eq
E /E)dE

= F5

F4
kBT (ξν) = F5F2

F4F3
⟨Eν⟩

= 25 MeV
(

MPNS

1.4 M⊙

)3/2 (
RPNS

10 km

)−2 (
gβ

3

) (
t + t0
100 s

)−3/2

. (56)

Note that the positron energy given above is valid only when the typical energy of positrons is
sufficiently higher than the threshold energy of the data analysis, typically 5 MeV (see Sect. 4.2 of
Ref. [12]).

Once we detect neutrinos from the next nearby SN, these formulae can be applied to narrow down
the parameter space, which would give a starting point for more detailed calculations. For instance,
by dividing Eq. (55) by the fifth power of Eq. (56), one finds

RPNS = 10 km
(

R
720 s−1

)1/2 (
Ee+

25 MeV

)−5/2 (
Mdet

32.5 kton

)−1/2 (
D

10 kpc

)
, (57)

which is time independent. Next, by taking the maximum of tR one finds

d
dt

(tR) = 0 → t = 2
13

t0, (58)

which gives t0. Since Mdet is given by experiment and D would be measured by the optical or
infrared observations, the unknowns are MPNS, g, and β. Unfortunately, at the current moment they
are degenerate and the combination MPNS(gβ)2/3 is only measurable. The degeneracy would be
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Targeting an RSG based on neutrino observables

13

MMA and Galactic RSGs 11

Figure 6. Left panel: Our final RSGs (teal stars) in Galactocentric coordinates compared to a population of inner Milk Way young stars (shaded purple based
on stellar density from a 2D histogram using cells of 150x150 pc for y vs. x and 150x115 pc for z vs. x) on the upper main sequence selected from Gaia DR3
based on methods of Collaboration et al. (2022) whose density distribution reconstructs the spiral arms of the Milky Way, specifically, Perseus arm, Orion spur,
and Sagittarius arm. The Sun’s location (8, 0, 0) is marked in white. Right panel: Our RSGs catalog (black stars) compared to previous studies: Nakamura et al.
(2016) (light blue), Mukhopadhyay et al. (2020) (green), and reference RSGs (pink). The Sun location (8, 0, 0) is marked in yellow. The number of stars is
shown in the legend in parentheses.

stringent luminosity cuts but still reaches approximately the same
distance, and Mukhopadhyay et al. (2020) where the inner Galactic
Center’s RSGs and Blue SGs are represented but only goes out to
< 1 kpc. Note that we see a more prominent dearth of stars around
the solar system, driven by the saturation of Gaia photometry (see
§4.1.1).

The driving factor for the lack of stars beyond 12.9 kpc comes
down to the availability of spectra. Even in Skiff (2014), one of the
largest collections of Galactic stellar spectra, only ⇠ 0.3% meets the
most basic spectral characteristics for RSGs. As the determination of
spectral type from spectra for RSGs involves either labor, limitations
to sample size, or reduction of confidence, RSGs searches have been
limited by pointing in the direction of OB associations or clusters
which generally have a higher population of RSGs. However, for
inner Galactic supergiants, only ⇡ 2% are associated with stellar
clusters (Messineo et al. 2017). The spectra of RSGs are not only
observationally limited but also lack well-defined spectral standards.
This is especially true of K-type stars which are often broken into
late and early K-type stars rather than subtypes.

Even after locating candidates, intrinsic characteristics which help
determine whether it is a RSG (e.g., pulsation properties and chemical
abundances) are not easy to obtain. As discussed in §3.3, reliable
confirmation is also difficult because the colors of RSGs are not
unique and match those of giant late-type stars, specifically from low
masses to super-AGBs of 9–10 M� .

These issues all lead to the number of Galactic late-type stars
of class I being less than ⇠1000, and, when not considering our
new catalog, ⇠400 RSGs known throughout various surveys. Major
catalogs like Humphreys (1978) lists 92, Elias et al. (1985) lists 90,
Levesque et al. (2005) analyzed the spectra of 62, Jura & Kleinmann
(1990) lists ⇠135, even though more than ⇠5000 RSGs are predicted
by Gehrz (1989).

4.5 Radii range

The expanse of RSG radii makes measurements challenging as it
limits the observational effectiveness of interferometric determina-
tions and requires sufficiently accurate distances. For the several
dozen stars with well-measured radii, comparisons to estimates from
L = 4cfR2T4

eff show good agreement (Van Belle et al. 2009; Wit-
tkowski et al. 2017, 2012; Arroyo-Torres et al. 2013, 2015). Solving
the equation for the radius of Betelgeuse, ⇠ 855 R� , compares well
to interferometric measurements (Dolan et al. 2016) ⇠ 890 R� , es-
pecially as there is variation depending on observed wavelength,
treatment of asymmetries, among other things (Townes et al. 2009).
Based on this simple but effective relationship, we provide radii for
all stars in our catalog, resulting in a range of 101.38 to 103.28 R� .

4.6 Mass loss rates

For massive stars, more than half of their mass loss happens after the
main sequence, with RSGs losing between 10�7 to 10�3 M�yr�1

(Mauron & Josselin 2011; van Loon et al. 2005). Observations of
CSM around type II SNe suggest that mass loss during the final stages
of the RSG phase is accelerated. Förster et al. (2018) surveyed 26 SN
II within hours of their discovery and obtained optical light curves
from High Cadence Transit Survey (HiTS) (Martínez-Palomera et al.
2018) that when compared to detailed models suggest density pro-
files consistent with > 10�4 M�yr�1. Confined dense CSM was
confirmed to surround SN2013fs that was estimated to be ejected
during the final ⇠1 yr prior to explosion at a rate ⇠ 10�3 M�yr�1

(Yaron et al. 2017). However, with the dominant mechanism for sig-
nificant mass loss unknown and explanations incomplete, derivations
of general relations are restricted to observations and limited model-
ing. While there are some discrepancies between different mass loss
rate relations, we estimate the mass loss of our RSG candidates based

MNRAS 000, 1–21 (2023)

← angle constraint (~degree)

← distance constraint (~kpc)

Healy+ 2023

SN candidate!
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Why can we measure distance?

Analogous to distance measurement with main sequence stars  
(aka. main sequence fitting or spectroscopic parallax) 

Essence 

Luminosity:  (absolute magnitude for main sequence) 

Energy flux:  (apparent magnitude for main sequence) 

Spectrum:  (color for main sequence) 

If  is given, we can estimate the distance 

L = 4πR2
*σT4

*

F = L/(4πD2) = (R*/D)2σT4
*

F(E) → T*
R* D

14
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Usage of neutrinos before and after discorvery of SN

Before finding SN: 
Neutrinos tell us distance to SN with O(10)% error 

Multi-messenger followup observation become 
possible with 3D localization 

Position determination is essential for multi-
wavelength obs. of shock breakout 

After finding SN: 
Suppose that distance is measured by other (optical/
IR) observation with O(1)% error 

Neutrinos can be used to measure NS radius 

Combining with the mass, we can constrain M-R 
relation of NS
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Figure 1. A sample of probability density function (PDF)
determined by Eq. (10). Contours with solid and dashed
lines correspond to P/Pmax = 1/e (0.368, corresponding to
1�) and 1/e2 (0.135, 2�), respectively, where Pmax is the
maximum value of the PDF.

(equivalent to 0.368 or 1�) and 1/e2 (0.135, correspond-
ing to 2�), respectively, with Pmax denoting the peak
value of P. It is important to note that the uncertain-
ties depicted are based on a single realization. Given
that the observed data can exhibit variations due to
Poisson statistics, conducting Monte Carlo simulations
for multiple realizations is crucial to accurately assess
the expected parameter sensitivity (or expected error)
in preparation for actual observational data.
The expected parameter sensitivity is assessed

through 100 realizations of the aforementioned model.4

Each realization, processed via Monte Carlo simulations,
yields a variety of best-fit values in accordance with Pois-
son statistics. However, the cumulative average demon-
strates that the preset input values are most likely to
be accurate, with a significant decrease in probability
density for values diverging from the initial inputs. To
estimate the expected parameter sensitivity, we use the
median of the compiled average PDF. The uncertainty
levels of 68% and 95% are determined by the range of

Table 1. Expected Values and Statistical Errors with only
Neutrinos

input Median 68% 95%

MPNS (M�) 1.52 1.58 +0.13
�0.12

+0.26
�0.24

RPNS (km) 12.4 12.5 +0.7
�0.7

+1.4
�1.4

Etot (1053 erg) 1.00 1.05 +0.15
�0.13

+0.31
�0.25

D (kpc) 8.00 8.10 +0.60
�0.56

+1.24
�1.08

4
The calculation with 1,000 realizations yields almost identical

results, indicating that the calculation has reasonably converged

(see Suwa et al. 2022).

SN discovery with ⌫

Data analysis of ⌫
with Eq. (5, D = · · · )

Follow-up observation
with multimessengers

D with EM signals
Data analysis of ⌫

with Eq. (11, R = · · · )

M -R relation of NS

Neutrinos

Other messengers

Figure 2. Flowchart depicting the process of supernova
(SN) discovery using neutrinos (⌫) and subsequent analyses.
The chart outlines steps from initial detection through data
analysis involving specific equations, integration of multimes-
senger follow-up observations, distance measurement with
electromagnetic (EM) signals, and culminating in the deter-
mination of the mass-radius (M -R) relationship of neutron
stars (NS).

parameters that correspond to these specific probability
levels, centered around the median. The findings are
compiled in Table 1. Due to the uncertainty imposed
by the priors on the radius, it is evident that the preci-
sion in determining the mass and total energy is subject
to greater uncertainty compared to our previous study
(see Table 1 in Suwa et al. 2022). However, it is note-
worthy that the distance to the SN has been determined
with a precision of within 15% at a 95% confidence level,
representing a significant new piece of information. To
assess the impact of the number of detected neutrinos on
uncertainty, we repeated the procedure for a case where
D = 5 kpc. The uncertainty in this case is 14%, indicat-
ing that the uncertainty is primarily determined by the
prior imposed on R. We also investigate the impact of
prior distribution, assuming �R = 1 km. The resulting
error in the distance estimation is approximately 20%
at a 95% confidence level.

4. IMPLICATION

Here, we discuss the application of distance estima-
tion. The flowchart of the analysis is shown in Figure
2.
After observing neutrinos, it takes time for the shock

wave to propagate through the star. Hence, there is a
delay before the onset of electromagnetic radiation: ap-
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Neutrino constraint on M-R relation

16
Sotani-Nishimura-Naito (2022)
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Appendix: Constraints on BH-forming simulations with neutrinos
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Figure 1: The discovery location, IR brightening and disappearance of M31-2014-DS1. (a)
Optical color composite image of the discovery field taken from the PS1 survey (55). The image
triplet in the inset shows a zoom-in (marked by the yellow dashed square) observed by the NEOWISE
(18) survey in 2017 (left), 2010 (middle) and the resulting difference image (right). (b) Zoomed-in
images showing the progenitor location before and ⇡ 6 � 7 years after the the MIR brightening
peak. The top row shows optical data from HST, the middle row shows red optical light data from
HST, and the bottom row shows near-infrared data from HST and the Keck-I telescope, highlighting
the disappearance of the optical source and a very faint IR remnant. (c) The temporal evolution of
flux observed with the PTF (56), NEOWISE (18), PS1 (55), Gaia (26) and ZTF (57) surveys and
follow-up photometry from MMT. Error bars are shown at 1f confidence, and 5f upper limits are
shown as hollow symbols with downward arrows. For the Gaia photometry, we show the raw flux
in light symbols, while the dark symbols show the averaged flux around the NEOWISE observation
epochs. The left axis indicates the brightness in units of observed flux, while the right axis shows
the monochromatic luminosity (_ �_) scaled to a mean observation wavelength of 2 `m.
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Summary: take-home messages

Supernova Neutrinos: A New Era of Quantitative Science 
 Understanding the basics 
Measuring key features: mass, radius, and energy 

Practical Uses of Supernova Neutrinos 
Measuring distances of SN 
Exploring nuclear and new physics 

Improving Astronomy with Neutrinos 
Better pointing accuracy for multi-messenger astronomy 
Integrating neutrinos with electromagnetic signals and gravitational waves providing 
better understanding supernova mechanism
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