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micro-processes transfer energy and/or change composition,
thereby affecting  stellar evolution, explosion, and nucleosynthesis

Outline of this talk

Neutrino cooling is the standard 
energy loss mechanism governing 

evolution of massive stars

JUNO might be able to distinguish 
the neutrino mass ordering by 

detecting presupernova neutrinos 

Dark photons complicate stellar 
evolution but might be constrained 

by detection of such neutrinos



How to Become a Star

Virial theorem for a contracting gas cloud
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Massive stars are radiation dominated ! 
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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



Fuel Main
Product

Secondary
Product

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*。
7C< lĢk 2N3a<w <3N3a�jCRNgIRcc a�j3 CN L�ccCq3 cj�ac):f*Y

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



Processes of Thermal Neutrino Emission

Pair annihilation 

Plasmon decay

Photo-neutrino emission

Bremsstrahlung

(Z,A) + e� ! (Z,A) + e� + ⌫ + ⌫̄

e� + e+ ! ⌫ + ⌫̄

� + e� ! e� + ⌫ + ⌫̄

�pl ! ⌫ + ⌫̄



上海交通大学博士学位论文 第二章 来自大质量恒星的中微子

lYlYf 结果分析与讨论

lYlYfYS 中微子能损速率和各热过程的主导区域

前文已提到，由于中微子冷却对恒星 V包括白矮星和中子星等W的演化十分重要，因
此人们主要侧重于计算中微子能损速率。对前文中得到的中微子能谱作简单的积分，我

们即可得到各热过程中微子的能损速率。在本小节中，我们先来比较我们得到的中微子

能量损失速率与前人的计算结果，从而检验我们计算结果的正确性。BjR@及其合作者曾
细致计算过上述这些热过程的中微子能损速率，并得到了各过程的拟合公式)9z*。这些拟

合公式在天体物理学和恒星演化中被广泛应用。为了讨论的方便，下文将比较我们的数

值结果与 BjR@拟合公式之间的差别。
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图 lĢSz 在 T − ρ/µe上中各不同热过程中微子能损速率的主导区域。在各区域中，该热过程对总中
微子能损的贡献超过 OzX。图中，我们直接通过 BjR@拟合公式得到重组过程的能损速率。
7C< lĢSz `3<CRNc R8 T − ρ/µe s@3a3 3�,@ UaR,3cc3c 0RLCN�j3c j@3 N3njaCNR 3N3a<w IRcc a�j3Y BN 3�,@ a3<CRN.
j@3 �ccR,C�j30 UaR,3cc ,RNjaC$nj3c LRa3 j@�N LRa3 j@�N OzX R8 j@3 jRj�I a�j3Y i@3 a3,RL$CN�jCRN 3LCccCRN
a�j3c �a3 R$j�CN30 8aRL BjR@ȕc ~j 8RaLnI�3Y

图lĢO给出了不同温度和密度下中微子能损速率的计算结果与 BjR@ 拟合公式的比
较。需要特别强调的是，BjR@等人关于各过程的拟合公式只在该过程占中重要地位时才
准确，不难发现，当考虑所有热过程的贡献时，我们中微子能损总速率与 BjR@等人的拟

ġ f9 ġ

Guo & Qian 2016



Additional neutrino cooling processes

�± decay, e± capture
<latexit sha1_base64="BAeZiG2uxOuPFvyV/ZPU5fk99EU="></latexit>

Patton, Lunardini, & Farmer 2017;
Patton, Lunardini, Farmer, & Timmes 2017;

detailed nuclear physics, including excited states & 
neutral-current neutrino pair emission

Misch, Brown, & Fuller 2013;
Misch, Fuller, & Brown 2014;

Misch & Fuller 2016;
Misch, Sun, & Fuller 2017



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+
<latexit sha1_base64="0prUyzzNXOt9r7COKklwoaInUxY=">AAAB/XicdVDLSgNBEJz1GeMrPm5eBoMgBMLuJiTxFvTiMYJ5QDaG2UknGTI7u8zMCjEEf8WLB0W8+h/e/BtnkwgqWtBQVHXT3eVHnClt2x/W0vLK6tp6aiO9ubW9s5vZ22+oMJYU6jTkoWz5RAFnAuqaaQ6tSAIJfA5Nf3SR+M1bkIqF4lqPI+gEZCBYn1GijdTNHHo+kZ6Iu5CLPB1ikYObXDeTtfNnlZJbLGE7b9tlx3US4paLhSJ2jJIgixaodTPvXi+kcQBCU06Uajt2pDsTIjWjHKZpL1YQEToiA2gbKkgAqjOZXT/FJ0bp4X4oTQmNZ+r3iQkJlBoHvukMiB6q314i/uW1Y92vdCZMRLEGQeeL+jHH5s0kCtxjEqjmY0MIlczciumQSEK1CSxtQvj6FP9PGm7eKeTdq2K2er6II4WO0DE6RQ4qoyq6RDVURxTdoQf0hJ6te+vRerFe561L1mLmAP2A9fYJzKCUzg==</latexit>

(IBD @ JUNO)



Three Neutrino Mixing
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Neutrino Mixing in Vacuum

U↵i = h⌫↵|⌫ii, Ū↵i = h⌫̄↵|⌫̄ii

Neutrino Flavor Evolution in Matter (MSW only)

normal mass hierarchy inverted mass hierarchy
N⌫̄e/N

0
⌫̄e

⇡ 0.74
<latexit sha1_base64="UEXdaUYtdqRTgmSfd4X1ZoOmnag=">AAACEXicdVDLSgMxFM34rPU16tJNsAhd1aQWW3eiG1dSwarQGYdMmtbQTGZIMmIZ+gtu/BU3LhRx686df2OmraCiBy6cnHMvufeEieDaIPThTE3PzM7NFxaKi0vLK6vu2vq5jlNFWYvGIlaXIdFMcMlahhvBLhPFSBQKdhH2j3L/4oYpzWN5ZgYJ8yPSk7zLKTFWCtzySZB5IVGeTAM23PnxukIeSRIV36JKvRa4JVRBCGGMYU5wfQ9Zsr/fqOIGxLllUQITNAP33evENI2YNFQQrdsYJcbPiDKcCjYseqlmCaF90mNtSyWJmPaz0UVDuG2VDuzGypY0cKR+n8hIpPUgCm1nRMy1/u3l4l9eOzXdhp9xmaSGSTr+qJsKaGKYxwM7XDFqxMASQhW3u0J6TRShxoZYtCF8XQr/J+fVCt6tVE9rpYPDSRwFsAm2QBlgUAcH4Bg0QQtQcAcewBN4du6dR+fFeR23TjmTmQ3wA87bJ25KnWM=</latexit>

N⌫̄e/N
0
⌫̄e

⇡ 0.22
<latexit sha1_base64="+4/VkHdc/bjmjmgrN5w1JR8WUAM=">AAACEXicdVDLSgMxFM34rPVVdekmWARXNRnFtruiG1dSwT6gU4dMmmpoJjMkGbEM/QU3/oobF4q4defOvzHTVlDRAxdOzrmX3HuCWHBtEPpwZmbn5hcWc0v55ZXVtfXCxmZTR4mirEEjEal2QDQTXLKG4UawdqwYCQPBWsHgJPNbN0xpHskLM4xZNyRXkvc5JcZKfmHvzE+9gChPJj4b7f94XSKPxLGKblHJdf1CEZUQQhhjmBFcPkKWVKsVF1cgziyLIpii7hfevV5Ek5BJQwXRuoNRbLopUYZTwUZ5L9EsJnRArljHUklCprvp+KIR3LVKD/YjZUsaOFa/T6Qk1HoYBrYzJOZa//Yy8S+vk5h+pZtyGSeGSTr5qJ8IaCKYxQN7XDFqxNASQhW3u0J6TRShxoaYtyF8XQr/J023hA9K7vlhsXY8jSMHtsEO2AMYlEENnII6aAAK7sADeALPzr3z6Lw4r5PWGWc6swV+wHn7BGOpnVw=</latexit>



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



time to core collapse (day)
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Pre-SN neutrinos of 1.8 to 4 MeV
at JUNO for stars at 1 kpc



p1 = 95%
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p2 = 95%
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Model-Indepdent Determination

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
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N IH
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⇡ 3.8
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⌫̄e + p ! n+ e+
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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.
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Above 5MeV, the dominant background is caused by the cosmogenic isotopes, which
are produced in situby 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
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For 0.8 < Te < 2.5 MeV, cosmogenic background dominates

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

potential background reduction by coincidence!
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Figure 7. Systematic uncertainties (green region) encompassing our “robustly excluded zone” (blue).
The true boundary likely lies somewhere in the green region; we show our fiducial profile as the dotted
black line. The blue area is excluded regardless of the perturbations we make to the physical inputs. We
compare to bounds from other stars [17], decays to three photons on cosmological timescales [48, 49],
and beam dumps, meson decays, and other terrestrial experiments [4]. The comparison of the electron
anomalous magnetic moment in two di↵erent systems is shown in the hatched region, which has not
previously been shown in this mass range.

to two photons, should in general increase this partial width beyond the rate calculated in

the e↵ective theory. This would open up the high-✏ range of this region near m0 = 2me and

deserves a more thorough investigation.

– 19 –

Chang, Essig, & McDermott 2017
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Summary

Neutrino cooling is the standard energy loss mechanism governing 
evolution of massive stars

Pre-SN neutrinos provide advance warning for nearby supernovae 
within ~1 day

JUNO might be able to distinguish the neutrino mass ordering by 
detecting pre-SN neutrinos 

Dark photons complicate stellar evolution but might be constrained 
by detection of these neutrinos


