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Scientific Marxism
科学⻢马克思主义

Primary status of matter
物质第⼀一性

Spiral ascent in learning
认识的螺旋形上升

Interconnection among everything
万事万物的普遍联系

Ultimate test by experiments
实践是检验真理理的唯⼀一标准
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The Nobel Prize in Physics 1988 was awarded jointly to 
Leon M. Lederman, Melvin Schwartz and Jack Steinberger 
for the neutrino beam method and the demonstration 

of the doublet structure of the leptons through 
the discovery of the muon neutrino.



The Nobel Prize in Physics 1995 was awarded for 
pioneering experimental contributions to lepton physics 

jointly with one half to Martin L. Perl for 
the discovery of the tau lepton and 

with one half to Frederick Reines for 
the detection of the neutrino.



The Nobel Prize in Physics 2002 was divided, one half 
jointly to Raymond Davis Jr. and Masatoshi Koshiba for 

pioneering contributions to astrophysics, in particular for 
the detection of cosmic neutrinos 

and the other half to Riccardo Giacconi for pioneering 
contributions to astrophysics, which have led to 

the discovery of cosmic X-ray sources.



The Nobel Prize in Physics 2015 was awarded jointly to 
Takaaki Kajita and Arthur B. McDonald for 

the discovery of neutrino oscillations, 
which shows that 

neutrinos have mass.



Standard Model Beyond Standard Model
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charged-current weak interactions

strong interactions

p+A(Z,N) ! ⇡0 + · · ·
p+A(Z,N) ! ⇡+ + · · ·
p+A(Z,N) ! ⇡� + · · ·

electromagnetic interaction

⇡0 ! 2� (⌧ = 8.4⇥ 10�17 s)

⇡+ ! µ+ + ⌫µ (⌧ = 2.6⇥ 10�8 s)

µ+ ! e+ + ⌫e + ⌫̄µ (⌧ = 2.2⇥ 10�6 s)

⌫µ +A(Z,N) ! µ� + · · ·



The Nobel Prize in Physics 1936 
was divided equally between

Victor Franz Hess for 
his discovery of cosmic radiation 

and Carl David Anderson for 
his discovery of the positron.

⇡+ ! µ+ + ⌫µ

µ+ ! e+ + ⌫e + ⌫̄µ



Atmospheric Neutrino Oscillations

⌫µ ⌦ ⌫⌧ & ⌫̄µ ⌦ ⌫̄⌧
vacuum oscillations
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fission fragments: A(Z,N) ! A(Z + 1, N � 1) + e� + ⌫̄e

detection of reactor neutrinos:

solar fusion neutrinos:

Other Sources of Neutrinos

4p ! 4
2He + 2e+ + 2⌫e

⌫̄e + p ! n+ e+
“n” ! “p” + e� + ⌫̄e

Hahn
(1944)



Modern Version of the Discovery Experiment



Solar Neutrinos

Bethe
(1967)

4p ! 4
2He + 2e+ + 2⌫e





VOLUME 20, NUMBER 21 PHYSICAL REVIEW LETTERS 20 MAY 1968

SEARCH FOR NEUTRINOS FROM THE SUN*

Raymond Davis, Jr. , Don 8. Harmer, t and Kenneth C. Hoffman
Brookhaven National Laboratory, Upton, New York 11973

(Received 16 April 1968)

A search was made for solar neutrinos with a detector based upon the reaction Cls~(v,
)Ar3~. The upper limit of the product of the neutrino flux and the cross sections for

all sources of neutrinos was 3x10 3 sec per C13 atom. It was concluded specifical-
ly that the flux of neutrinos from 8 decay in the sun was equal to or less than 2x 106
cm 2 sec ~ at the earth, and that less than 9' of the sun's energy is produced by the
carbon-nitrogen cycle.

Recent solar-model calculations have indicated
that the sun is emitting a measurable flux of neu-
trinos from decay of Be in the interior. The
possibility of observing these energetic neutri-
nos has stimulated the construction of four sepa-
rate neutrino detectors. ' This paper will pre-
sent the results of initial measurements with a
detection system based upon the neutrino capture
reaction Cls7(v, e )Ar". It was pointed out by
Bahcall" that the energetic neutrinos from 8'
would feed the analog state of Ar" (a superal-
lowed transition) that lies 5.15 MeV above the
ground state. The importance of the contribution
of the 8' neutrino flux is readily seen from the
neutrino-capture cross sections and the solar
neutrino fluxes given in Table I. The tabulated
fluxes were taken from the calculations of Bah-
call and Shaviv, ' who studied the effect of errors
in the parameters —solar composition, luminos-
ity, opacity, and nuclear reaction cross sections.
These authors have placed a probable error of
60%%uo on the calculated 8' flux. Their predicted
8' flux for mean values of the various parame-
ters agrees well with the independent calcula-
tions of Ezer and Cameron. ' On the basis of
these predictions, the total solar-neutrino-cap-
ture rate in 520 metric tons of chlorine mould be
in the range of 2 to 7 per day.

The detector design. —A detection system that
contains 390000 liters (520 tons chlorine) of liq-
uid tetrachloroethylene, C2C1~, in a horizontal
cylindrical tank was built along the lines pro-
posed earlier. " The system is located 4850 ft
underground [4400 m (w.e.)] in the Homestake
gold mine at Lead, South Dakota. It is essential
to place the detector underground to reduce the
production of Ar" from (P, n) reactions by pro-
tons formed in cosmic-ray muon interactions.
The rate of Ar" production in the liquid by cos-
mic-ray muons at this location is estimated to
be 0.1 Ar" atom per day. " Background effects
from internal n contaminations and fast neutrons
from the surrounding rock wall are low. The to-
tal Ar" production from all background process-
es is less than 0.2 Ar" atom per day, which is
mell below the rate expected from solar neutri-
nos.
Neutrino detection depends upon removing the

Ar" from a large volume of liquid contained in a
sealed tank, and observing the decay of Ar" (35-
day half-life) in a small proportional counter
(0.5 cm'). lt is therefore necessary to have an
efficient method of removing a fraction of a cu-
bic centimeter of argon from 390000 liters of
CSC14. The Ar" activity is removed by purging
with helium gas. Liquid is pumped uniformly

Table I. Solar neutrino fluxes and cross sections for the reaction Cl 7(v, e )Ar

Neutrino source
Cross sectiona~

(cm2)

Neutrino flux
at the earth
(cm 2 sec ~)

10350 cp
(sec ~)

H+H+e —D+ v
Be7 decay
B8 decay
N~3 decay
0~5 decay

1.72x1O 4'
2.9 x 10-46
1.35 x 1O-4'
2.1x 10-46
7.8x 10—46

1 7x 108
3.9x 10'

1.3(1~0.6)x 107
1.0x 10~
1.O x 1O'

0.03
0.11

1.8(1+0.6)
0.02
0.08

Qgo =2.0(l+ 0.6)x 10 35 sec

Ref. 4. bRef. 10. cRef. 8.
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product for the carbon-nitrogen cycle to be 3.5
x10 "sec ' per Cl" atom, based on this cycle
being the only source of the sun's energy. With
the limit given above one can conclude that less
than 9% of the sun's energy is produced by the
carbon-nitrogen cycle.
It is possible to improve the sensitivity of the

present experiment by reducing the background
of the counter. However, background effects
from cosmic-ray muons will eventually limit the
detection sensitivity of the experiment at its
present location. Detailed studies of the cosmic-
ray background are in progress.
The authors would like to thank Professor

W. A. Fowler and Professor John N. Bahcall for
their initial and continual encouragement in plan-
ning this experiment. We would like to acknowl-
edge Professor A. G. W. Cameron's constant in-
terest extending over many years. We are in-
debted to the Homestake Mining Company for al-
lowing us to build the experiment in their mine,
and for their generous assistance in solving
many technical problems in the construction of
the apparatus. We would like to acknowledge the
many useful suggestions and direct assistance
from the members of the staff of Brookhaven Na-
tional Laboratory.

*Research performed under the auspices of the U. S.
Atomic Energy Commission.
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PRESENT STATUS OF THE THEORETICAL PREDICTIONS
FOR THE Cl SOLAR-NEUTRINO EXPERIMENT*

John N. Bahcallg and Neta A. Bahca11 f.
California Institute of Technology, Pasadena, California

and

Giora Shaviv&
Cornell University, Ithaca, New York

(Received 8 April 1968)

The theoretical predictions for the 3 Cl solar-neutrino experiment are summarized
and compared with the experimental results of Davis, Harmer, and Hoffman. Three
important conclusions about the sun are shown to follow.

The experiment of Davis, Harmer, and Hoff-
man, '~' designed to detect solar neutrinos with a
37Cl target, has prompted a continuing investiga-
tion ' of the accuracy with which the flux of neu-
trinos produced by nuclear reactions in the sun' s
interior can be predicted. Ne report here calcu-
lations of the solar-neutrino fluxes made using
the more accurate rate for the proton-proton re-
action recently derived by Bahcall and May' and
the improved determination of the abundance ra-

tio of heavy elements to hydrogen recently ob-
tained by Lambert and Warner. ' We a,iso discuss
some of the important, recognized uncertainties
that influence the predictions of the solar-neutri-
no fluxes and conclude that the present results of
Davis, Harmer, and Hoffman' are not in obvious
conflict with the theory of stellar structure. %Ye

show, however, that a counting rate of less than
0.03X 10 '/ Cl atom sec would cast serious
doubt on the correctness of current ideas con-
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37Cl(�e, e
�)37Ar 71Ga(�e, e

�)71Ge� + e� � � + e�



Sudbury Neutrino Observatory (SNO)

� + e� � � + e� (ES) �e + d� p + p + e� (CC)
� + d� p + n + � (NC)

⇥µ⇥ ��⇥µ⇥ + ⇥e��⇥e = Rdet

for ES and NC:
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Three Neutrino Mixing
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• What is their mass ordering ?

• Do they violate CP ?

• What are their absolute masses ?

• Are they their own antiparticles ?

• Are there sterile neutrinos ?

Unknown Properties of Neutrinos

0⌫��



• Neutrinos & baryogensis

• Sterile neutrinos & big 
bang nucleosynthesis

• Sterile neutrinos & galaxy 
formation

• Neutrinos & supernova 
explosion/nucleosynthesis

How do neutrinos affect the evolution of the universe ?

⌫e + n ⌦ p+ e�

⌫̄e + p ⌦ n+ e+

n/p < 1 ) p (75%) + 4He (25%)
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Some of the Biggest Questions  
Connecting Quarks and the Cosmos 

Board on Physics and Astronomy 
US National Academy of Sciences

• What are the 
masses of the 
neutrinos, and how 
have they shaped 
the evolution of the 
universe?

• How were the 
elements from iron 
to uranium made?



Big Bang:

75% H + 25% He
(by mass)

Sun:
71.5% H + 27.0% He

+1.4% “Metals”

“p”� “n” + e+ + �e



Standard Model of Particle Physics & Life of a Baryon: 
Big Bang Nucleosynthesis

Borsanyi et al. 2015
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Basics of Big Bang Nucleosynthesis

initial state (T > 1 MeV): n, p

Xn + Xp = 1� need n/p

rate of change in abundance:
dYi

dt
= P (t)�D(t)Yi

P (t) : production rate
D(t) : destruction rate

�
both depend on T (t) and �b(t)

, Yi =
Xi

Ai
, ni = �bNAYi

T (t) specified by dynamics of expansion
�b(t) specified by conservation of entropy per baryon

s � g�e�(t)
T 3

�b
� g�e�(t)

n�
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baryon-to-photon ratio: � =
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expansion of the early universe
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entropy conservation � evolution of �rel at 100 > T > 1 MeV

TS = E + PV � µN ⇥ S =
E + PV � µN

T

fully relativistic: Srel =
�relV + (�rel/3)V

T
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BBN and Neutrinos
freeze-out of n/p: �e + n � p + e�, �̄e + p � n + e+
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Big Bang Nucleosynthesis



fit to Planck data by 
standard model of
⇤CDM cosmology

Cosmic Microwave Background Experiments

6 basic parameters

energy densities,
density fluctuations,

& probability of
scattering by

electrons





Hierarchical Structure Formation



Merger Tree





Giant Molecular Cloud (GMC): Stellar Nursery



Life Cycle of Interstellar Medium



How to Become a Star

Virial theorem for a contracting gas cloud

Tc +
~2

2med2
⇠ GMmp

R

✓
M

mp

◆
d3 ⇠ R3 )

Tc ⇠
GMmp

R
� ~2

2me

✓
M

mp

◆2/3 1
R2

) Tc,max

/M4/3



Janka 2012
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Si, S, Ar, CaO, Mg, Ne
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Bethe & Wilson 1985



Interplay between Supernova and Neutrino Physics

�-induced
r-process

4He(�e, e�p)3He
4He(�̄e, e+n)3H

r � 105 km

⌫ signals



Type Ia SNe

core-collapse SNe (mostly Type II)



   

 
No Big Bang
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Knop et al. (2003)
Spergel et al.  (2003)
Allen et al.  (2002)

Supernova Cosmology Project

Ω

ΩΛ

M

Type Ia



AA52CH02-Berger ARI 30 July 2014 6:55

BH

θobs

θj

Jet−ISM shock (afterglow)
Optical (hours−days)
Radio (weeks−years)

Ejecta−ISM shock
Radio (years)

Kilonova
Optical (t ~ 1 day)

Merger ejecta
Tidal tail and disk wind

v ~ 0.1–0.3 c

GRB
(t ~ 0.1–1 s)

GRB
(t ~ 0.1–1 s)

Figure 20
Potential electromagnetic counterparts of compact object binary mergers as a function of the observer
viewing angle (θobs). Rapid accretion of a centrifugally supported disk (blue) powers a collimated relativistic
jet, which produces a short GRB. Owing to relativistic beaming, the gamma-ray emission is restricted to
observers with θobs ! θj. Afterglow emission results from the interaction of the jet with the circumburst
medium ( pink). Optical afterglow emission is detectable for observers with θobs ! 2θj. Radio afterglow
emission is observable from all viewing angles once the jet decelerates to mildly relativistic velocities on a
timescale of months-years and can also be produced on timescales of years from subrelativistic ejecta.
Short-lived isotropic optical/near-IR emission lasting a few days (kilonova; green) can also accompany the
merger, powered by the radioactive decay of r-process elements synthesized in the ejecta. Reprinted from
Metzger & Berger (2012) with permission.

accuracy of the GW source (if detected by an instrument such as Swift/BAT), but even a poor
gamma-ray localization will provide a convincing association based on the temporal coincidence.
However, because the current estimate of the beaming fraction is fb ∼ 70 (Section 8.4), such
joint detections will be rare. The occurrence rate can be estimated using the observed short GRB
redshift distribution (Metzger & Berger 2012). In particular, there are currently no known short
GRBs within the Advanced LIGO/Virgo maximum detection distance for NS-NS binaries of
z ≈ 0.1. Extrapolating the observed redshift distribution to z ! 0.1, and correcting from the
Swift/BAT field of view to roughly all-sky coverage (e.g., Interplanetary Network, Fermi/GBM),

www.annualreviews.org • Short-Duration Gamma-Ray Bursts 91
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Arise from the Ashes



Quantum Mechanics of Neutrino Oscillations
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Postulates of Quantum Mechanics

The state of a system is presented by its wave function.

Observables are represented by Hermitian operators.

Eigenvalues and eigenstates of operators describe 
results of measurement.

| (t)i

!(x, p) ! ⌦(X,P ), [X,P ] = i~

⌦|!ni = !n|!ni, Pr(!n, t) = |h!n| (t)i|2

i~ @
@t

| (t)i = H| (t)i

Evolution of state is governed by the Schrodinger Equation.



Vacuum Neutrino Oscillations
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Vacuum Oscillations as Neutrino Flavor Isospin Precession 
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êf
z

2�v

Hvac = �~�

2
· ~H ) d

dt
~s⌫ =~s⌫ ⇥ ~H

~H = !~Hv, ! ⌘ �m2

2E
⌫

, ~Hv ⌘ �êf
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Solar Neutrino Oscillations

forward scattering on matter particles
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Mikheyev-Smirnov-Wolfenstein (MSW) Mechanism
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Three Neutrino Mixing
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Neutrino Mixing in Vacuum

Neutrino Flavor Evolution in Matter (MSW only)

normal mass hierarchy inverted mass hierarchy

U↵i = h⌫↵|⌫ii, Ū↵i = h⌫̄↵|⌫̄ii





Dense Neutrino Gas in Supernovae
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What is a Star?

Big glowing ball of gas; Symbol of everlasting light & stability

big & stable: gravity balanced by pressure gradient

pressure proportional to temperature & decreasing outward

heat flows from hot to cold: energy loss from surface

long-term energy supply at center: nuclear fusion

minimum temperature to ignite H: minimum mass (Msun/12)

To be a star, the gas ball must be BIG!





You arose from the death of stars (01/10/2017) 













Helioseismology（⽇日震学）

lower l modes penetrate deeper



with rotation rotation subtracted





lower abundances 
of C, N, O, & Ne

mass fraction of metals
2%             1.4%

16 Åke Nordlund, Robert F. Stein and Martin Asplund

Note that the combination of the excellent agreement of spectral line widths (which constrain
the velocity amplitudes) and spectral line shifts and asymmetries (which constrain the product
of velocity amplitudes and intensity fluctuations) means that the intensity fluctuations obtained
from the simulations are very reliable. If they were too large or too small the spectral line shifts
and asymmetries would be correspondingly to large or too small as well (cf. Deubner and Mattig,
1975; Nordlund, 1984). Di↵erent numerical models give rms intensity fluctuations that agree to
within 1 – 2 percent of the continuum intensity. Observed rms intensity fluctuations are generally
much smaller, presumably due to the combined e↵ects of seeing, limited telescope resolution, and
scattered light. A detailed comparison of the rms intensity fluctuations observed with Hinode with
the results of forward modeling from numerical simulations (Danilovic et al., 2008) concludes that
the results are essentially consistent.

Figure 2: Image of granulation in the G-continuum, showing hot, bright rising fluid surrounded by cooler,
darker intergranular lanes. Granules tile the solar surface and are the dominant feature of solar surface
convection. Also shown are a few magnetic concentrations, visible as strings of bright beads along the
intergranular lanes (image from the Swedish 1m Solar Telescope and Institute of Theoretical Astrophysics,
Oslo).

Living Reviews in Solar Physics
http://www.livingreviews.org/lrsp-2009-2
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Table 2: SSM neutrino fluxes from the GS98-SFII and AGSS09-SFII SSMs, with

associated uncertainties (averaging over asymmetric uncertainties). The solar

values come from a luminosity-constrained analysis of all available data by the

Borexino Collaboration.

⌫ flux Emax
⌫ (MeV) GS98-SFII AGSS09-SFII Solar units

p+p!2H+e++⌫ 0.42 5.98(1 ± 0.006) 6.03(1 ± 0.006) 6.05(1+0.003
�0.011) 1010/cm2s

p+e�+p!2H+⌫ 1.44 1.44(1 ± 0.012) 1.47(1 ± 0.012) 1.46(1+0.010
�0.014) 108/cm2s

7Be+e�!7Li+⌫ 0.86 (90%) 5.00(1 ± 0.07) 4.56(1 ± 0.07) 4.82(1+0.05
�0.04) 109/cm2s

0.38 (10%)

8B!8Be+e++⌫ ⇠ 15 5.58(1 ± 0.14) 4.59(1 ± 0.14) 5.00(1 ± 0.03) 106/cm2s

3He+p!4He+e++⌫ 18.77 8.04(1 ± 0.30) 8.31(1 ± 0.30) — 103/cm2s

13N!13C+e++⌫ 1.20 2.96(1 ± 0.14) 2.17(1 ± 0.14)  6.7 108/cm2s

15O!15N+e++⌫ 1.73 2.23(1 ± 0.15) 1.56(1 ± 0.15)  3.2 108/cm2s

17F!170+e++⌫ 1.74 5.52(1 ± 0.17) 3.40(1 ± 0.16)  59. 106/cm2s

�2/P agr 3.5/90% 3.4/90%

Table 3: Results from global 3⌫ analyses including data through Neutrino2012.

Bari Analysis (Fogli et al. 2012) Valencia Analysis (Forero, Tórtola & Valle 2012)

Parameter/hierarchy Best 1� Fit 2� Range 3� Range Best 1� Fit 2� Range 3� Range

�m2
21(10�5eV2) 7.54+0.26

�0.22 7.15 $ 8.00 6.99 $ 8.18 7.62±0.19 7.27 $ 8.01 7.12 $ 8.20

�m2
31(10�3eV2) NH 2.47+0.06

�0.10 2.31 $ 2.59 2.23 $ 2.66 2.55+0.06
�0.09 2.38 $ 2.68 2.31 $ 2.74

IH �(2.38+0.07
�0.11) �(2.22 $ 2.49) �(2.13 $ 2.57) �(2.43+0.07

�0.06) �(2.29 $ 2.58) �(2.21 $ 2.64)

sin2 ✓12 0.307+0.018
�0.016 0.275 $ 0.342 0.259 $ 0.359 0.320+0.016

�0.017 0.29 $ 0.35 0.27 $ 0.37

sin2 ✓23 NH 0.386+0.024
�0.021 0.348 $ 0.448 0.331 $ 0.637

8
>><

>>:

0.613+0.022
�0.040

0.427+0.034
�0.027

0.38 $ 0.66 0.36 $ 0.68

IH 0.392+0.039
�0.022

8
>><

>>:

0.353 $ 0.484

0.543 $ 0.641

0.335 $ 0.663 0.600+0.026
�0.031 0.39 $ 0.65 0.37 $ 0.67

sin2 ✓13 NH 0.0241 ± 0.0025 0.0193 $ 0.0290 0.0169 $ 0.0313 0.0246+0.0029
�0.0028 0.019 $ 0.030 0.017 $ 0.033

IH 0.0244+0.0023
�0.0025 0.0194 $ 0.0291 0.0171 $ 0.0315 0.0250+0.0026

�0.0027 0.020 $ 0.030 0.017 $ 0.033

high-Z SSM low-Z SSM

luminosity
constrained
fit to data

With the new ν physics added, theory and experiment seem to coincide





Using νs to Probe Solar Core Composition Directly

❏  pp chain (primary) vs CN cycle (secondary):  catalysts for CN cycle 
     are pre-existing metals  (except in the case of the first stars)
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1. INTRODUCTION
In 1958, Holmgren & Johnston (1958, 1959) found that the cross section for 3He + 4He →
7Be + γ was about 1,000 times larger than anticipated, so that in addition to the sim-
plest 3He + 3He → 4He + 2p proton-proton (pp) I termination of the pp chain (see
Figure 1), there might be significant branches to the pp II and pp III cycles and, thus, significant
fluxes of 7Be and 8B solar neutrinos. Despite the uncertainties that existed in 1958—the solar core
temperature was poorly constrained by theory, and other nuclear physics important to the pp chain
had not been resolved—both Cameron (1958) and Fowler (1958) pointed out that it might be possi-
ble to detect solar neutrinos using a radiochemical method Ray Davis had developed at Brookhaven
(Davis 1955). Although the endpoint of the main source of neutrinos from the pp I cycle, p + p →
d + e+ + νe, is below the 811-keV threshold for νe + 37Cl → 37Ar + e−, most 7Be and 8B neutrinos
are sufficiently energetic to drive this reaction. In 1962 Fowler organized a team of young Caltech
researchers—John Bahcall, Icko Iben, and Dick Sears—to begin the development of a solar model
to more accurately predict the central temperature of the Sun and to estimate the rates of neutrino-
producing reactions (Bahcall et al. 1963). The history of these early developments is summarized
in several sources (Bahcall & Davis 1982, Haxton 2010, Lande 2010). By early 1964, following sig-
nificant advances in the solar model and in the understanding of the nuclear physics of the pp chain
and the 37Cl(νe, e−)37Ar reaction, Davis (1964) and Bahcall (1964) concluded that a measurement
of solar neutrinos would be possible, were Davis to mount a detector 100 times larger than that he
built at Brookhaven, in a site sufficiently deep to reduce backgrounds from high-energy cosmic-ray
muons to an acceptable level. In April 1968, Davis, Harmer & Hoffman (1968) announced an up-
per bound on the solar neutrino capture rate for 37Cl of 3 SNU (1 SNU = 10−36 captures target−1

pp I pp II pp III
CN cycle

99.76% 0.24%

84.6% 15.4% 2.5 × 10–5%

99.89% 0.11%

p + p → 2H + e+ + νe

3He + 3He → 4He + 2p 3He + 4He → 7Be + γ

(p, γ)

(p, γ)

(p, α)

(p, γ)

β+

β+

3He + p → 4He + e+ + νe

7Li + p → 2 4He

2H + p → 3He + γ

p + e– + p → 2H + νe

7Be + e– → 7Li + νe
7Be + p → 8B + γ

8B → 8Be + e+ + νe

13C

13N

12C

14N

15O

15N

a b

Figure 1
(a) The three principal cycles comprising the proton-proton (pp) chain (pp I, pp II, and pp III), the associated neutrinos that “tag” each
of the three branches, and the theoretical branching percentages defining the relative rates of competing reactions (GS98-SFII SSM).
Also shown is the minor branch 3He + p → 4He + e+ + νe, which generates the most energetic neutrinos. (b) The CN I cycle, which
produces the 13N and 15O neutrinos.

22 Haxton · Robertson · Serenelli
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❏  measurable neutrino fluxes

❏  these fluxes depend on the core temperature T (metal-dependent)
     but also have an additional linear dependence on the total core C+N

❏  absolute fluxes are uncertain, sensitive to small changes in many 
     solar model uncertainties other than total metallicity
     
❏  but an appropriate ratio of the CN and 8B ν flux is independent of
     these other uncertainties:  the measured 8B ν flux can be exploited
     as a solar thermometer

  

– 7 –

mass. Consequently, over a significant portion of the outer core, 12C has been converted to

14N, but further reactions are inhibited by the 14N(p,�) bottleneck.

The BSP08(GS) SSM (Peña-Garay & Serenelli 2008) – which employs values for Z and

the 14N(p,�) S-factor given below – predicts a modest CN-cycle contribution to solar energy

generation of 0.8% but substantial fluxes of neutrinos

13N(�+)13C E⌫ ⇠< 1.199 MeV � = (2.93+0.91
�0.82)⇥ 108

/cm2s

15O(�+)15N E⌫ ⇠< 1.732 MeV � = (2.20+0.73
�0.63)⇥ 108

/cm2s.

Here uncertainties reflect conservative abundance uncertainties as defined empirically in

Bahcall & Serenelli (2005). The first reaction is part of the path from 12C to 14N, while the

latter follows 14N(p,�). Thus neutrinos from 15O � decay are produced in the central core:

95% of the flux comes from the CN-equilibrium region, described above. About 30% of the

13N neutrinos come from outside this region, primarily because of the continued burning of

primordial 12C: this accounts for the somewhat higher flux of these neutrinos. There is also

a small but fascinating contribution from 17F � decay,

17F(�+)17O E⌫ ⇠< 1.740 MeV � = (5.82± 3.04)⇥ 106

/cm2s (1)

a reaction fed by (p,�) on primordial 16O: the cycling time for the second branch of the

CNO bi-cycle, for solar core conditions, is much longer than the solar age. The flux of these

neutrinos appears too small to allow a test of the Sun’s primordial oxygen content by this

means (Bahcall 1989).

The SSM makes several reasonable assumptions, including local hydrostatic equilibrium

(the balancing of the gravitational force against the gas pressure gradient), energy

generation by proton burning, a homogeneous zero-age Sun, and boundary conditions

imposed by the known mass, radius, and luminosity of the present Sun. It assumes no

significant mass loss or accretion. The homogeneity assumption allows the primordial core
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dependence of the CN neutrino flux on the abundance of C+N can be exploited to

relate solar neutrino measurements to the Sun’s primordial C and N abundances

(Serenelli, Haxton & Pena-Garay 2012)

�(15O)

�(15O)SSM
=


�(8B)

�(8B)SSM

�0.729
xC+N

⇥ [1 ± 0.006(solar) ± 0.027(D) ± 0.099(nucl) ± 0.032(✓12)] (37)

where xC+N is the C+N number abundance normalized to its SSM value. The

uncertainties were derived from the SSM’s logarithmic derivatives described in

Sec. 2. The first two of the these represent variations in all SSM parameters

other than the nuclear cross sections – including L�, the opacity, solar age, and

all abundances other than C and N, using abundance uncertainty intervals of

xj ⌘ 1 ±

����
AbundanceGS98

i � AbundanceAGSS09
i

(AbundanceGS98
i + AbundanceAGSS09

i )/2

���� .

Apart from the di↵usion parameter D, the net e↵ect of the variations in these

quantities is an uncertainty of 0.6%: we have formed a ratio of fluxes that is

e↵ectively insensitive to Tc. The di↵usion parameter D is an exception because

our expression relates contemporary neutrino flux measurements to the primor-

dial number densities of C and N, and thus must be corrected for the e↵ects of

di↵usion over 4.6 b.y. The di↵erential e↵ects of di↵usion on the ratio creates an

uncertainty of 2.7%, the only significant nonnuclear solar uncertainty.

Equation (37) is written for instantaneous fluxes, and thus must be corrected

for the energy-dependent e↵ects of oscillations. The SNO combined analysis

result, ✓12 = 34.06+1.16
�0.84, implies a 3.2% uncertainty in the flux comparison of

Eq. (37). Finally, there are nuclear physics uncertainties. These dominate the

overall error budget, with the combined (in quadrature) error reflecting a 7.2%

uncertainty from the 14N(p,�) reaction and a 5.5% uncertainty from 7Be(p,�).

the entire solar model dependence:  luminosity, metalicity, solar
age, etc., eliminated -- except for small residual differential
effects of heavy element diffusion (necessary to relate today’s
neutrino measurements to core abundance 4.7 b.y. ago)

Nuclear Astrophysics of Solar CN Neutrinos

14N(p, �)15O

7Be(p, �)8B ~7% theoretical uncertainty

~7% experimental uncertainty



Borexino



Borexino



solar neutrinos are also the ultimate background 
for detecting dark matter ! 

JUNA 14N(p, �)15O

Solar Neutrino Experiment CN ⌫�



summary

CN νs, 
primordial 
metallicity,

solar system 
formation

1960s 1990s 2020

new neutrino 
physics:

precise weak 
interaction
parameters

test the solar
model: precise 
determination 

of core 
temperature

Now that we have eliminated the weak interaction uncertainties
that held us back for many years, we can finally use solar neutrinos as

a precise probe of solar physics



...... the true method of experience first lights the candle, and then 
by means of the candle shows the way; commencing as it does 
with experience duly ordered and digested, not bungling or erratic, 
and from it educing axioms, and from established axioms again 
new experiments ......

Novum Organum (1620)
Francis Bacon

唯有实验才可以裁决
Only Experiments Can Judge

真正的实证⽅方法是这样的：先点亮蜡烛，让烛光指引⽅方向；
从适当整理理编类过的⽽而不不是杂乱⽆无章的经历出发，抽取原理理，

再在已经验证过的原理理的基础上进⾏行行新的实验



Pre-Supernova & Supernova Neutrinos

Yong-Zhong Qian
School of Physics & Astronomy, University of Minnesota

Center for Nuclear Astrophysics, Shanghai Jiao Tong University

 
CCEPP Summer School 2017 on Neutrino Physics 

July 8, 2017



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 大质量恒星中能量产生和损失速率 。

表 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 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。

• 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， 链式反应（ ）和

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

结果分析与讨论

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 包括白矮星和中子星等 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。 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 。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 拟合公式之间的差别。
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图 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 。图中，我们直接通过 拟合公式得到重组过程的能损速率。

T − ρ/µe

图 给出了不同温度和密度下中微子能损速率的计算结果与 拟合公式的比

较。需要特别强调的是， 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 等人的拟

Guo & Qian 2016
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FIG. 6: Averaged energy for the IBD neutrinos as a function of time.
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Guo, Heger, & Qian 2017



Time Before Collapse [Days]
4−10 3−10 2−10 1−10 1 10

Ev
en

ts
/D

ay

2−10

1−10

1

10

210

310

410

12 M
15 M
20 M
25 M

FIG. 1: PreSN neutrino signal rate Vs time, with L = 0.2 kpc, 1 kton detector mass and no

oscillations (same conditions for results below).

Model 10

�3 � 10

�2
10

�2 � 10

�1
10

�1 � 1 1� 10

12M� 1.28 2.90 14.39 15.09

15M� 6.55 17.89 14.00 12.36

20M� 10.44 18.75 34.52 7.95

25M� 10.79 22.04 43.04 5.70

TABLE I: Neutrino event rate integrated in di↵erent time window (days).

2

Rate of ⌫̄e + p ! n+ e+ Events

200 pc & 1 kton
Guo, Heger, & Qian 2017
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Accumulated ⌫̄e + p ! n+ e+ Events

200 pc & 1 kton

Guo, Heger, & Qian 2017



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

⇡ 0.76 N⌫̄e/N
0
⌫̄e

⇡ 0.21
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FIG. 1: PreSN neutrino signal rate Vs time, with L = 0.2 kpc, 1 kton detector mass and no

oscillations (same conditions for results below).

Model 10

�3 � 10

�2
10

�2 � 10

�1
10

�1 � 1 1� 10

12M� 1.28 2.90 14.39 15.09

15M� 6.55 17.89 14.00 12.36

20M� 10.44 18.75 34.52 7.95

25M� 10.79 22.04 43.04 5.70

TABLE I: Neutrino event rate integrated in di↵erent time window (days).

2

What Can Pre-Supernova Neutrinos Tell Us ?

Advance warning of supernovae

Test of stellar models: progenitor mass

Probe of neutrino mass ordering: NH/IH ~ 3.6

Day

Events for 200 pc & 1 kton
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“Onion-Skin” Structure
of Pre-SN Stars

O-Ne-Mg

C-O

He

H-He

⇠ 9–100M�

e-  capture

photo-dissociationcollapse 

due to

⇠ 8–9M�
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Tominaga et al. (2007)

normal SNe 

HNe

M � 12–25 M�

M � 25–50 M�

faint SNe 
M � 25–50 M�



low-mass & normal SNe: 
neutrino-driven

HNe: strong jets

faint SNe: weak jets



Bethe & Wilson 1985

gain radius rg

q̇⌫N (rg) = q̇eN (rg)

outside gain radius

q̇⌫N (r) > q̇eN (r)

q̇⌫N / L⌫

hE⌫i
hE⌫�⌫N i

r2

q̇eN / nehEe�eN i
/ T 6



Janka 2012
Fischer et al. 2010
Kitaura et al. 2006

Mayle & Wilson 1988
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Neutrino-Driven Explosion 
of a Low-Mass SN



O’Connor & Ott 2011
Ugliano et al. 2012

Compactness & Explodability

Sukhbold & Woosley 2014
Pejcha & Thompson 2015

Ertl et al. 2015
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Figure 11
Explosion and remnant properties predicted by parameterized one-dimensional neutrino-driven supernova (SN) simulations (239) of a
large set of progenitor stars (22). (a) Explosion energy, (b) time of onset, (c) baryonic remnant mass, (d ) neutrino-energy release by the
compact remnant, and (e) ejected Ni mass are shown as functions of stellar birth [zero-age main-sequence (ZAMS)] mass. ( f ) The
compact remnant mass versus the enclosed mass at the bottom of the O-burning shell of the progenitor. Neutrino cooling of the dense
neutron star core was prescribed such that the properties of SN 1987A were roughly reproduced for ∼20 M ⊙ stars ( green histogram
bar). Accretion neutrino luminosity was self-consistently computed by approximate neutrino transport. The ticks in some panels mark
masses for which the computed models did not explode. Bars of remnant masses reaching to the upper panel edge (3 M ⊙) and arrows in
panel f signal the formation of a black hole (BH) containing the whole mass of the star at collapse. The only exception is the 37-M ⊙
progenitor, where the explosion ejects ∼3.2 M ⊙ while fallback creates a BH with 6.5 M ⊙. Blue segments indicate fallback masses, and
orange segments represent Ni-mass uncertainties due to unclear Ni abundance in the ν-heated ejecta.

the implications of neutrino-powered explosions. These results challenge numerous paradigms
for the progenitor-explosion and progenitor-remnant connections. In particular, the limited
blast-wave energy and Ni production support arguments in favor of another explosion mechanism
for HNe. These events are likely to be triggered by magnetorotational processes. More research,
observational and theoretical, will be required to clarify whether there is a continuous transition
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Lattimer 2010

Clark et al. 2002

Neutron Star & Black Hole Masses



n, p

Fe neutrinosphere

shock

initial trapping surface

� � 1011 g cm�3

“neutronization” pulse at shock breakout

e� + p� n + �e ⇥ predominantly �e

without oscillations
(Thompson et al. 2003)



signature of BH formation: interruption of    signals

Fischer et al. 2009

40 M�

stellar 
models
differ

followed 
by

neutrino
emission

from 
accretion 

disk 
around 
BH?

⌫



“Thermal” Neutrino Emission from Proto-NS Cooling

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 in SuperK due to



Processes Governing SN Neutrino Diffusion

momentum exchange

energy exchange

⌫ +N ! ⌫ +N ) tdi↵ ⇠ several seconds

L⌫e ⇠ L⌫̄e ⇠ L⌫µ/⌧
⇡ L⌫̄µ/⌧

⌫ + e� ! ⌫ + e�

⌫e + n ⌦ p+ e�

⌫̄e + p ⌦ n+ e+

hE⌫ei < hE⌫̄ei . hE⌫µ/⌧
i ⇡ hE⌫̄µ/⌧

i
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Figure 5
(a) Neutrino-powered electron-capture supernova (ECSN) of an 8.8-M ⊙ star with an O-Ne-Mg core (21, 28), visualized by mass-shell
trajectories of a one-dimensional simulation (105). The SN shock (bold, outgoing line) expands for ∼50 ms as an accretion shock (the
downstream velocities are negative) before it accelerates by reaching the steep density gradient at the edge of the core. Neutrino
heating subsequently drives a baryonic “wind” off the proto–neutron star (PNS) surface. Colored lines mark the inner boundaries of the
Mg-rich layer in the O-Ne-Mg core (red; ∼0.72 M ⊙), the C-O shell (green; ∼1.23 M ⊙), and the He shell (blue; ∼1.38 M ⊙). The
outermost dashed line indicates the gain radius, and the inner solid, dashed, and dash-dotted lines represent the neutrinospheres of νe ,
ν̄e , and νx , respectively. (b) Neutrino luminosities and mean energies from an ECSN for the infall, νe breakout burst, accretion phase,
and PNS cooling evolution (107). The average energies are defined as the ratio of energy to number fluxes. Panel a reproduced with
permission from ESO.

burning front that explodes the star. The heating was considered to occur mainly by neutrino-
electron scattering.

Although this is an appealing idea, neither the stellar nor dynamical conditions assumed for
this scenario could be verified by detailed progenitor and explosion models. In, for example,
O-Ne-Mg-core progenitors, which define the low-mass limit of stars that undergo core collapse to
radiate large neutrino luminosities, the C and O shell is initially located between roughly 500 and
1,000 km (at densities !4 × 108 g cm−3) and falls dynamically inward (with compression-induced
burning) long before it is exposed to a high fluence of neutrinos (Figure 5). If, in contrast, the O
and C layers are farther out at r > 1,000 km, as in more massive Fe-core progenitors (Figure 2),
then the neutrino flux is diluted by the large distance from the source, and the electron densities
(and degeneracy) there are much lower than those adopted by the Russians (147–150). Therefore,
neutrino-electron scattering cannot raise the temperature to the ignition threshold.

Presently, PISNe are the only stellar core-collapse events wherein the explosion mechanism is
known to be based on thermonuclear energy release (Section 2.4). However, a closer examination
of the possibility of neutrino-triggered burning in the significantly more compact low-metallicity
stars might be interesting.

4.2. Bounce-Shock Mechanism
The purely hydrodynamical bounce-shock mechanism (4, 5), in which the shock wave launched
at the moment of core bounce (Section 2.2) causes the prompt ejection of stellar mantle and

422 Janka
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Neutrino Emission from a Low-Mass SN

L⌫e
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h✏⌫̄ei
> 0

excess ⌫e from e� + p ! n+ ⌫e
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Summary: supernovae and their neutrino signals
interruption of neutrino signals reveals BH formation

progenitor density structure (accretion rate)
nuclear equation of state (phase transition)

rich interplay among progenitor structure, shock
propagation, neutrino emission & flavor evolution

“neutronization” pulse at shock breakout relatively
simple to study as a probe of neutrino properties

bulk emission of “thermal” neutrinos gives potential 
probes of supernova physics & neutrino properties

(systematic study of collective & shock effects needed)

templates of neutrino signals important for study 
of relic/diffuse supernova neutrino background


