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Summary

Pre-SN MeV neutrinos provide advance warning for nearby SNe 
within ~1 day & may tell neutrino mass ordering

Next Galactic SN will induce ~104 events of ~10 MeV neutrinos
in terrestrial detectors & provide diagnostics of SN processes

Collapsars could be a source for r-process nuclei and
high-energy neutrinos of ~100 TeV

Annihilation of HE neutrinos by LE antineutrinos from decay of
r-process nuclei leaves distinct signatures on the spectrum and

flavor composition of HE neutrinos, which can be tested by
precise measurements at IceCube-Gen2 



Once formed, the evolution of a star is governed by gravity: 
 continuing contraction 

to higher central densities and temperatures

Evolution of 
central 
density and 
temperature 
of 15 MꙨ

and 25 MꙨ 

stars

Tc / ⇢1/3c

Woosley, Heger, Weaver 2002
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T
(109 K)

Time
(yr)

Main 
Reaction

H He 14N 0.02 107
CNO

4 H  4He

He O, C 18O, 22Ne
s-process

0.2 106 3 He4  12C
12C)16O

C  Ne,
 Mg

Na 0.8 103 12C + 12C

Ne O, Mg Al, P 1.5 3
20Ne)16O 
20Ne)24Mg

O Si, S Cl, Ar,
K, Ca

2.0 0.8
16O + 16O

Si,S Fe Ti, V, Cr,
Mn, Co, Ni

3.5 0.02 28Si)…

Nuclear burning stages
(20 MꙨ stars)



来自大质量恒星和伽玛射线暴的中微子 上海交通大学博士学位论文

图 lĢk大质量恒星中能量产生和损失速率):f*。
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表lĢS中的数值在数量级上吻合。
中微子只参与弱相互作用，因此它的产生过程必定与弱相互作用直接相关；在实

际物理系统中，大多数中微子的生成反应也涉及到电磁相互作用和强相互作用（核力）。

由于恒星温度比较高，各种基本粒子和核素的大量存在，中微子可以通过很多反应通道

生成。表lĢl中列举了恒星不同演化阶段中微子的亮度、产生方式以及味道组分。在下
文中，我们将对此作简要的阐述。

• UUg+MQ中微子

太阳处于主星序阶段时，主要通过将氢燃烧成氦从而释放能量，并产生大量 νe。通

过对太阳中微子的探测，人们可以更好的检验太阳模型以及相关的恒星结构和演

化理论。由于人们对太阳中微子更加了解，且基于太阳中微子的重要性，我们将

它们归为独立的一类来作介绍。与太阳一样，大质量恒星处于主星序阶段时，也

会以相同的方式产生 νe，不过由于温度与密度的不同，各过程中 νe的流量将与太

阳中微子有所区别。

在主序星中，氢的燃烧过程主要通过两种方式进行，UU链式反应（UU +@�CN）和

ġ k4 ġ

Energy Generation vs. Loss



decay and photoneutrino emission. However, when
summed over all thermal emission processes, our results
are consistent with the fitting formulas within 5%–10%.
Our results are in good agreement with the more up-to-date
studies [13,20–23]. These and our calculations have used
improved treatment of plasmon dispersion relations and
electrostatic screening for the relevant processes. The
corresponding results are more accurate and should be
used instead of the fitting formulas when individual thermal
emission processes are of concern.
We define the domain of dominance for a process as the

region in the (T, ρ=μe) space where this process contributes
at least 90% of the total neutrino energy loss rate summed
over all the thermal emission processes. These domains are
shown in Fig. 7 based on our results except for the
recombination process, for which the fitting formulas
[10] are used. The energy loss rate for pair annihilation
is very sensitive to temperature and density. It dominates
when the temperature is sufficiently high for producing e!

pairs and the density is sufficiently low that positrons are
not suppressed by degeneracy. When electrons are strongly
degenerate, plasmon decay, photoneutrino emission, and
especially pair annihilation are suppressed. In this case,
bremsstrahlung neutrino emission becomes dominant.
When this occurs, ionic correlations are important and
can reduce the energy loss rate by a factor of ∼2 − 10. We
note that plasmon decay dominates in two regions. The
transverse decay modes play a key role in the larger region
while the longitudinal decay mode takes over in the much
smaller region.

V. DISCUSSION AND CONCLUSIONS

We have presented a detailed derivation of the energy-
differential rate for neutrino emission from electron-
nucleus bremsstrahlung (Sec. II), taking into account the
effects of electron screening and ionic correlations. We
have compared the energy-differential and the net rates, as
well as the average νe and νx energies, for this and other
thermal neutrino emission processes over a wide range of
temperature and density (Sec. III). We have also compared
our updated energy loss rates for individual thermal
neutrino emission processes with the fitting formulas of
Ref. [10] and determined the temperature and density
domain in which each process dominates (Sec. IV). We
find that similar to plasmon decay and photoneutrino
emission, bremsstrahlung mostly produces sub-MeV neu-
trinos during the presupernova evolution of massive stars.
Our results on the neutrino energy loss rates are in good
agreement with previous studies.
As discussed by previous studies [12–17], neutrino

emission during the presupernova evolution of massive
stars can provide a potential test of stellar models or at
least give advance warning for core-collapse supernovae.
While neutrino emission from β! decay and e! capture
[24,43] should be taken into account for a full study, we
expect that νe signals from the thermal processes dis-
cussed here always dominate except for the last hour or so
prior to a supernova explosion. Figure 7 and Table I serve
as approximate guides to the relative importance of each
thermal neutrino emission process during the presuper-
nova evolution of massive stars. With the largest Edet

ν and
R>
ν , pair annihilation is always the dominant source of

presupernova νe signals for massive stars during core C
burning and afterwards. For bremsstrahlung neutrino
emission, we note that its domain of dominance is far
from the evolutionary track of the central temperature
and density for a 20 M⊙ star, and therefore expect that it
contributes only a small fraction of the νe events.
However, this domain overlaps with the conditions
encountered during the cooling of neutron stars produced
by the core collapse of massive stars. We refer readers to
Refs. [35,44] for more detailed discussions of brems-
strahlung neutrino emission relevant for neutron star
cooling.
In general, significant thermal neutrino emission occurs

throughout the hot and dense interior of a massive star
during core C burning and afterwards. A proper estimate of
the νe signal from the presupernova evolution of the star
requires a model that gives the radial profiles of temper-
ature, density, and composition as well as the correspond-
ing time evolution. We refer readers to Ref. [13] for a
detailed study on the νe signals from pair annihilation and
plasmon decay using models for three stars of 8.4, 12, and
15 M⊙, respectively. We plan to carry out a systematic
study including more massive stars and taking into account
neutrino oscillations in the near future.
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FIG. 7. Domain of dominancewhere a thermal neutrino emission
process contributes at least 90% of the total energy loss rate. Our
calculated rates are used for e! pair annihilation (“pair”), plasmon
decay (“plas”), photoneutrino emission (“phot”), and bremsstrah-
lung neutrino emission (“brem”) while the fitting formulas of
Ref. [10] are used for the recombination process (“recom”). An
OCP composed of 56Fe is assumed for calculating the rate for
bremsstrahlung neutrino emission. Similar to Figs. 2 and 3, also
shown are the evolutionary track of the central temperature and
density for a 20 M⊙ star, the curve for T ¼ 0.3TF, and the contour
for Γ ¼ 250 for an OCP composed of 56Fe.
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matter e↵ect ) ⌫̄e is the lightest eigenstate at high density
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F⌫̄e/F
(0)
⌫̄e

⇡ 0.74 (NH) vs. 0.22 (IH)
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P̄ ⇡ 0.681 (NH) vs. 0.022 (IH)



E (MeV)
1.5 2 2.5 3 3.5 4 4.5 5 5.5 6

 n
um

be
r 

of
 e

ve
nt

s p
er

 M
eV

2

4

6

8

10

12

14

16

18

12, NH
15, NH
20, NH
25, NH

eνReactor-
eνGeo-

(a)

Guo, Qian, & Heger 2019

Last-day
Pre-SN 

neutrinos
at JUNO
for stars 
at 1 kpc



What Can Pre-SN Neutrinos Tell Us ?

Advance warning of supernovae

Test of stellar models: progenitor mass

Probe of neutrino mass ordering: NH/IH ~ 3.4

Last-day events of 1.8 to 4 MeV for 1 kpc & 20 kton

12 Msun 15 Msun 20 Msun 25 Msun

6.1 12.0 20.5 24.5

1.9 3.6 5.9 7.0

⌫̄e + p ! n+ e+
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(IBD @ JUNO)



Model-Indepdent Determination (Guo, Qian, & Heger 2019)

Elastic Scattering (ES): ⌫ + e ! ⌫ + e
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For 0.8 < Te < 2.5 MeV:
N IH

ES

NNH

ES

⇡ 1.23
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For 1.8 < E < 4 MeV:

NNH

ES

NNH

IBD

⇡ 0.91
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N IH

ES

N IH

IBD

⇡ 3.8
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NNH

IBD
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IBD

⇡ 3.42
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Inverse Beta Decay (IBD):

vs.



Background for ES events

electrons:

e e . 6.1e, , e, , ( )n n+ l +m t m t
- -

In contrast to the reactor en̄ IBD reaction where a coincidence signature exists to largely
suppress background, the detection of solar neutrinos appears as a single flash of light. Only a
fraction of the neutrino energy is transferred to the electron, therefore the electron recoil
spectrum is continuous even in the case of mono-energetic neutrinos. The expected solar
neutrino rates at JUNO are summarized in table 14. The rates are calculated using the BP05
(OP) [304] flux model, convolved with the neutrino–electron ES cross sections for all flavors.
The standard three neutrino oscillation is applied with the solar LMA-MSW effect included.
All the rates are estimated without any energy threshold cuts.

The emission of scintillation light is isotropic and any information about the initial
direction of solar neutrinos is lost. Neutrino ES events in a LS are thus intrinsically indis-
tinguishable on an event-by-event basis from the background due to β or γ decays. Therefore,
high radiopurity is required in order for JUNO to have the capability of measuring low energy

Figure 44. The expected singles spectra at JUNO with (a) the ‘baseline’ and (b) the
‘ideal’ radiopurity assumptions listed in table 14. See text for details.

J. Phys. G: Nucl. Part. Phys. 43 (2016) 030401 Technical Report
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Above 5MeV, the dominant background is caused by the cosmogenic isotopes, which
are produced in situ by spallation reactions of cosmic muons on the carbon nuclei in the LS.
The muon rate in the 20-kton JUNO central detector is 3 Hz. The spallation products are
typically unstable and undergo b b- + decays. From the MC study, the short-lived spallation
isotopes ( 1 s-t ~ ) can be efficiently suppressed by vetoing a cylindrical volume with 1 m
radius around each traversing muon track for 6.5 s. Since some of the muon events are muon
bundles (multiple muons in one event), and some of the muons produce electromagnetic and
hadronic showers (showering muons), good track reconstructions for muon bundles and
showering muons are necessary (see the reactor neutrino chapter for details of muon
reconstructions) for an efficient rejection of short-lived spallation backgrounds.

The remaining long-lived spallation radioisotopes are 11C (b+, 29.4 mint = ), 10C ( ,b+

27.8 st = ), and 11Be ( ,b- 19.9 st = ). Due to the long lifetime, they are difficult to remove
without losing a large fraction of detector livetime. Therefore, their rates and spectra need to
be measured accurately and subtracted. Their decay information, spallation yields, and esti-
mated rates at JUNO are summarized in table 15. The expected rates are scaled from the
KamLAND and Borexino spallation measurements [109, 305] similarly as described in the
previous low energy solar neutrino section. Their expected energy spectra at JUNO are shown

Figure 45. The simulated background spectra for the cosmogenics isotopes 11C, 10C,
and 11Be at JUNO. Furthermore, the expected 8B ( en - ) spectrum is shown for
comparison. A reduction of 10C and 11C should be possible by three-fold coincidence
but is not applied in the figure (see text for details).

Table 15. List of the cosmogenic radioisotopes whose lifetimes are above 2 s, which are
the main backgrounds for 8B solar neutrino detection. Shorter-lifetime spallation pro-
ducts can be efficiently suppressed with proper muon veto cuts (see text for details).

Isotope Decay type Q-Value Life time Yield [109, 305] Rate
(MeV) 10 g cm7 2 1( )m- - - (cpd/ kton)

11C b+ 2.0 29.4 min 866 1860
10C b+ 3.7 27.8 s 16.5 35
11Be b- 11.5 19.9 s 1.1 2

J. Phys. G: Nucl. Part. Phys. 43 (2016) 030401 Technical Report
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For 0.8 < Te < 2.5 MeV, cosmogenic background dominates

signals from Betelgeuse (222 pc): ~100 to 500 during last day
currently-estimated background: ~20000

potential background reduction by coincidence!

<latexit sha1_base64="iGjCKmiR+ohL5VqOfgGM8QkWft0="></latexit>

µ shower ) 12C(�, n)11C(e+⌫e)
11B



n, p

Fe neutrinosphere

shock

initial trapping surface

� � 1011 g cm�3

“neutronization” pulse at shock breakout

e� + p� n + �e ⇥ predominantly �e

DUNE
<latexit sha1_base64="sBBqSYZ5sJ0Y6jIzh7IihM6laoU="></latexit>

⌫e +
40Ar ! e� + 40K⇤

event rate sensitive to neutrino mass ordering



Bethe & Wilson 1985

v-Driven Core-Collapse Supernovae



Neutrino Emission from NS Formation

for a Galactic SN at ~10 kpc

e+ + e� ! ⌫ + ⌫̄

N +N ! N +N + ⌫ + ⌫̄

GM2

RNS
⇠ 3⇥ 1053 erg

) ⌫e, ⌫̄e, ⌫µ, ⌫̄µ, ⌫⌧ , ⌫̄⌧

⌫̄e + p ! n+ e+
~104 events due to
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r-process in collapsars (Siegel, Barnes, & Metzger 2019)



High-Energy Neutrino Production

collision of slow and rapid jets with
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� ⇠ 250–500

mildly relativistic shock

shock acceleration of protons up to 106 GeV
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pp, p� reactions produce ⇡±, K±
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Annihilation of HE ⌫µ by LE ⌫̄µ Converted from �-Decay ⌫̄e
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Z
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Summary

Pre-SN MeV neutrinos provide advance warning for nearby SNe 
within ~1 day & may tell neutrino mass ordering

Next Galactic SN will induce ~104 events of ~10 MeV neutrinos
in terrestrial detectors & provide diagnostics of SN processes

Collapsars could be a source for r-process nuclei and
high-energy neutrinos of ~100 TeV

Annihilation of HE neutrinos by LE antineutrinos from decay of
r-process nuclei leaves distinct signatures on the spectrum and

flavor composition of HE neutrinos, which can be tested by
precise measurements at IceCube-Gen2 
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The±sign in the last term of equation (2.1) is decided by the MH with plus sign for the
normal MH and minus sign for the inverted MH.

In a medium-baseline reactor antineutrino experiment (e.g., JUNO), oscillation of the
atmospheric mass-squared difference manifests itself in the energy spectrum as the multiple
cycles. The spectral distortion contains the MH information, and can be understood with the
left panel of figure 8 which shows the energy and baseline dependence of the extra effective
mass-squared difference

m E L4 . 2.32 ( )G% �G

Figure 8. (Left panel) The effective mass-squared difference shift m 2% G [79] as a
function of baseline (y-axis) and visible prompt energy E E 0.8 MeVvis �O� (x-axis).
The legend of color code is shown in the right bar, which represents the size of m 2% G in
eV2. The solid, dashed, and dotted lines represent three choices of detector energy
resolution with 2.8%, 5.0%, and 7.0% at 1 MeV, respectively. The purple solid line
represents the approximate boundary of degenerate mass-squared difference. (Right
panel) The relative shape difference [65, 66] of the reactor antineutrino flux for
different neutrino MHs. Left panel reprinted with permission from [79]. Copyright
2013 by the American Physical Society. Right panel reprinted with permission from
[65]. Copyright 2008 by the American Physical Society.
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Jiangmen Underground Neutrino Observatory (JUNO)
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⌫̄e + p ! n+ e+

cosmogenic backgrounds such as 9Li/8He and FN, muon veto cuts are necessary and need be
optimized to reduce the loss of detector live time and dead volume. Detailed discussion on
backgrounds will be presented later. A set of preliminary antineutrino selection criteria is
listed below:

• fiducial volume cut r 17 m;�
• the prompt energy cut 0.7 MeV Ep� � 12MeV;
• the delayed energy cut 1.9 MeV Ed� � 2.5 MeV;
• time interval between the prompt and delayed signal T 1.0% � ms;
• the prompt-delayed distance cut R 1.5 m;p d ��

• Muon veto criteria:
– for muons tagged by Water Pool, veto the whole LS volume for 1.5 ms
– for good tracked muons in central detector and water Cerenkov detector, veto the
detector volume within R 3 md2 �N and T 1.2d2 �N s

– for the tagged, non-trackable muons in central detector, veto the whole LS volume
for 1.2 s

The antineutrino selection efficiency due to the fiducial volume is 91.8%. The energy cut,
time cut, and vertex cut have efficiencies of 97.8%, 99.1%, and 98.7%, respectively, using
Geant4-based MC studies described in section 12.3. Assuming 99% muons have good
reconstructed track, the efficiency of above muon veto cut is estimated to be 83% by using the
toy MC method. Table 3 summarizes the efficiencies of antineutrino selection cuts and the
corresponding reduction to various backgrounds, which will be discussed in the next
subsection. JUNO will observe 60 IBD events per day, with about 6% backgrounds.

Figure 10. The observable eO spectrum (red line) is a product of the antineutrino flux
from reactor and the cross section of inverse beta decay (blue line). The contributions
of four fission isotopes to the antineutrino flux are shown for a typical pressurized water
reactor. The steps involved in the detection are schematically drawn on the top of the
figure [108]. Figure adapted with permission from [108]. Copyright 2015, rights
managed by Nature Publishing Group.
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a c

b

Figure 1: Various stages of collapsar accretion and nucleosynthetic yields. a, Typical collapsar

fallback accretion rate (Ṁfb, on a logarithmic scale) versus accreted mass, with arrows indicating

the accretion stages Ṁ1, Ṁ2, Ṁ3 simulated here (see Methods). Vertical dotted lines indicate initial

black hole formation and the part of the accretion process powering the gamma-ray burst. Horizon-

tal bands indicate the different nucleosynthetic regimes of the disk outflows as identified from the

simulations, and are labelled on the left. b, Simulation snapshots of the disk’s equatorial plane for

the three different accretion stages, showing that above a critical threshold of Ṁign ⇡ 10�3
M�s�1

mild electron degeneracy (⌘ = µe/kT ⇡ 1; lower half of plots, colour scale on the right) is estab-

lished, which drives the disk midplane neutron-rich (proton fraction Ye ⌧ 0.5; upper half of plots,

colour scale on the right). c, Abundance distributions of nuclei synthesized in the disk outflows at

the three different accretion stages (see key; dots represent the observed Solar System abundances).

Above Ṁign, a heavy r-process up to atomic mass numbers of around 195 is obtained (Ṁ1, Ṁ2),

whereas below Ṁign a rapid transition to outflows rich in 56Ni and 4He is observed (Ṁ3).
11

Collapsars as an r-process source (Siegel, Barnes, & Metzger 2019)
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initial proton spectrum
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cooling of by synchrotron radiation
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⇡±,K±
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and ⇡±/K± + � ! ⇡±/K± + e+ + e�
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annihilation of HE ⌫µ by LE ⌫̄µ converted from �-decay ⌫̄e


