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Los Alamos circa 1980:    A Bit of a Sanctuary for Neutrino Physics 

  The lab’s neutrino legacy dated from the days of Cowan and Reines

  In 1972 LAMPF produced an 800 MeV proton beam.   With Louie Rosen as Director,
    Los Alamos took on responsibility for the first true national NP users facility
         - produced the world’s then most intense muon and neutrino beams 

         - E225, led by Herb Chen, 1975-93:  
           probed the interference between neutral and charge-changing weak currents
           measured:

        - E645, E764, 1980-92:     oscillation experiments using p,         targets
                                                             appearance in               beams 

        - E31, 1975-1980:   charged current reactions
                                        test of family number conservation     
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        - E1173, 1989-1999:  the LSND experiment                  appearance, …   

        - E1213, 1990-1999:
                                            solar neutrino detector calibration experiments 

   In 1977 I finished my thesis on  Semi-leptonic Weak Interactions on Nuclei
     -  one of applications was to analyze what would be learned were E1213 
         done with a Cl target
     -  after a year as a postdoc in Germany, this connection and the LAMPF neutrino
         beam drew me to Los Alamos, as a T5 postdoc (the theory group for LAMPF)

     -  epilog: a decade later I wrote a paper pointing out that an experiment using iodine 
        would be a twin of the Cl experiment, but with a rate 10 times higher
                 -  Ken Lande used this target in E1213  

     -  Los Alamos created an amazing environment that coupled theorists and
        experimentalists in a way that I have not seen duplicated elsewhere 
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the beam stop in all directions. 
The neutrinos produced would have

energies between 10 and 55 million
electron volts (MeV). In the early
1970s, neutrino interactions had been
observed at only “low” energies (a few
million electron volts) or “high” ener-
gies (roughly 1,000 MeV). Thus,
LAMPF would enable the study of 
interactions at intermediate energies.

LAMPF had several unique 
properties that made it an almost ideal 
neutrino source. First, it had the highest 
instantaneous beam intensity of any of
the existing, or proposed, meson 
factories (even though one never has
“sufficient” intensity for neutrino 
experiments). In comparison with other
high-energy accelerator sources, the 
intense LAMPF proton beam produced
more neutrinos per second, so that one
could anticipate more neutrino events in
the detectors. Second, the average 
energy of the neutrinos was below the
threshold for producing muons from
muon neutrinos or muon antineutrinos.

A Brief History of Neutrino Experiments at LAMPF
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Frederick Reines and Clyde
Cowan Jr.’s observation of 
neutrino interactions in the late

950s went largely unnoticed. It was
vershadowed by the then recent, star-
ling observation of parity violation in
he weak interaction, an observation
hat flew in the face of cherished 
eliefs. Parity violation meant that the

weak force had a handedness, a bias 
oward whether particles would spin
ight or left. In the case of the neutrino,
ature always chose left. In 1932, 

when Wolfgang Pauli made the brilliant 
peculation that a nearly massless, 
eutrally charged particle must exist to
xplain perplexing features in nuclear
eta decay, no physicists in their right

mind would have suggested that such a
article also have the audacity to break
eft-right symmetry. 

Parity violation evoked what is per-
haps the most fundamental principle in
science: the requirement to test, with
ever more exacting experiments, the
limits of prevailing theories and expla-
nations. This arduous, challenging, and
sometimes personally unrewarding
search for the truth lies at the heart of
the story of neutrino research. And
nowhere is that story better exemplified
than in the history of neutrino experi-
ments at LAMPF (the Los Alamos
Meson Physics Facility, now renamed
the Los Alamos Neutron Science 
Center, or LANSCE). 

The LAMPF accelerator came into
operation in 1972 (see aerial photo-
graph above and Figure 1). It was 
designed primarily to accelerate a high-
intensity beam of protons to energies
high enough to produce unbound pions.

Pions are short-lived, subatomic parti-
cles that are created when an energetic
proton collides with a nucleus. 

Neutrinos are a natural by-product of
pion decay, and even before the accel-
erator was operational, physicists pro-
posed exploiting that fact. Directing the
unused portion of the beam into a large
block of copper (called the beam stop)
would produce pions that would come
to rest within the beam stop. The posi-
tive pions, p1, would decay into posi-
tive muons, m1, and muon neutrinos,
nm. (The negative pions would be 
reabsorbed by the copper nuclei before
they decayed.) The positive muons
would then decay into a positron, e1,
an electron neutrino, ne, and a muon
antineutrino, nwm. In all, three types of
neutrinos would be produced—ne, nnm,
and nwm—that would radiate from 

A Brief History of Neutrino Experiments at LAMPF
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A Brief History of Neutrino Experiments at LAMPF
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Figure 1. A Brief Photo History of LAMPF
(a) Early photo of the trench dug into the mesa to accommodate the proton accelerator.
(b) Happy faces around the control console when the proton beam was first accelerated
to design specifications (800 MeV). (c) LAMPF’s first stage—an Alvarez linear accelera-
tor—which brings the beam to an energy of 100 MeV. (d) Keyhole view of the accelera-
tor’s second stage, which brings the beam from 100 MeV to its final energy of 800 MeV.
(e) LAMPF’s end station, where experiments are carried out. The detector for the LSND
experiment sits in the tunnel in the lower right-hand corner of the photo.
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(e)
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the beam stop in all directions. 
The neutrinos produced would have

energies between 10 and 55 million
electron volts (MeV). In the early
1970s, neutrino interactions had been
observed at only “low” energies (a few
million electron volts) or “high” ener-
gies (roughly 1,000 MeV). Thus,
LAMPF would enable the study of 
interactions at intermediate energies.

LAMPF had several unique 
properties that made it an almost ideal 
neutrino source. First, it had the highest 
instantaneous beam intensity of any of
the existing, or proposed, meson 
factories (even though one never has
“sufficient” intensity for neutrino 
experiments). In comparison with other
high-energy accelerator sources, the 
intense LAMPF proton beam produced
more neutrinos per second, so that one
could anticipate more neutrino events in
the detectors. Second, the average 
energy of the neutrinos was below the
threshold for producing muons from
muon neutrinos or muon antineutrinos.
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Figure 1. A Brief Photo History of LAMPF
(a) Early photo of the trench dug into the mesa to accommodate the proton accelerator.
(b) Happy faces around the control console when the proton beam was first accelerated
to design specifications (800 MeV). (c) LAMPF’s first stage—an Alvarez linear accelera-
tor—which brings the beam to an energy of 100 MeV. (d) Keyhole view of the accelera-
tor’s second stage, which brings the beam from 100 MeV to its final energy of 800 MeV.
(e) LAMPF’s end station, where experiments are carried out. The detector for the LSND
experiment sits in the tunnel in the lower right-hand corner of the photo.
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theory predicted that Reaction (6) could
also proceed through neutral-current
scattering, in which both the electron 
neutrino and the electron maintained
their identities as they scattered from
one another. The two distinct modes of
interaction meant that two terms 
entered into the calculation of the cross
section and could potentially 
“interfere” with each other. The elec-
troweak theory of Glashow, Salam, and
Weinberg predicted a destructive inter-
ference, meaning that the cross section
would be less than what was expected
for just the charged-current scattering.
The new objective of E-225 became to
confirm or disprove that prediction. The
experiment was headed by Herb Chen,
a very talented young man who was in
many ways the leader of the neutrino
physics community at Los Alamos 
during this time. Unfortunately, Chen
died of leukemia in 1987.

The experiment used a detector that
was built like a 40-layer sandwich, with
each layer made of plastic scintillator
and flash-chamber module. A single
module (see Figure 3) contained
10 flash-tube panels, with each panel
containing 520 flash tubes. A flash tube
is a long, narrow tube of gas that out-
puts a current pulse when a charged
particle passes through it. A panel of
520 flash tubes could provide one-
dimensional position information for a
particle with very good resolution.
Within a flash-chamber module, panels
were alternately arranged either hori-
zontally or vertically, so that each 
module could track a charged particle
in two dimensions.

The stack of 40 modules (containing
a total of 208,000 flash tubes) enabled
the detector to provide a three-
dimensional trajectory of an electron
with very good position resolution. 
Experimenters knew that the scattered
electron emerging from Reaction (6)
would follow a trajectory that was con-
fined to a narrow cone surrounding the
neutrino’s direction. Trajectory 
information, combined with energy 
information provided by the plastic
scintillators, allowed the experimenters

to identify those electrons that came
from neutrino-scattering events. 

E-225 found that the scattering cross
section ruled out constructive interfer-
ence between neutral- and charged-cur-
rent interactions, and thus the experi-
ment was altogether consistent with the
predictions of the electroweak theory.
It also confirmed the widely held belief
that, when passing through electron-
rich matter, electron neutrinos have a
different scattering cross section than
do muon or tau neutrinos. (The latter
neutrino types can only interact with
electrons through neutral-current scat-
tering.) The different cross section was
also applicable to the solar-neutrino
problem. If neutrino oscillations do
occur, then electron neutrinos born in
the core of the Sun would scatter 
differently than would the neutrinos
into which they oscillate. This is the
fundamental assumption underlying the
MSW effect, which is the most-favored
solution to the solar neutrino problem.
(See the article “MSW” on page 156.)

Experiments E-645, E-764, 
and E-1173

The Standard Model assumes that
neutrinos are massless. Consequently,
there can be no mixing between the
three lepton families, and hence lepton-
family numbers are separately con-
served in every interaction. However,
there appears to be no fundamental 
reason for a massless neutrino. Further-
more, any extension of the Standard
Model that leads to neutrinos with mass
also leads to mixing between the lepton
families. Therefore, a neutrino that has
mass will likely be a mixture of the
three neutrino types and will have some
probability to oscillate between them.

E-645 was undertaken in the early
1980s with the specific goal of search-
ing for the oscillation of muon 
antineutrinos into electron antineutrinos.
The experiment was headed by Tom
Romanoski. Although it did not find
any evidence for oscillations, for a time
it established the upper limit on the 
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ecay to produce its neutrinos. An 
xperiment could verify the forbidden
ecay mode simply by observing 
lectron antineutrinos in a suitably 
uilt detector. 

Hughes, Nemethy, and their collabo-
ators used a water-filled Cerenkov 
etector to search for electron 
nti-neutrinos (see Figure 2). They
ooked for the signature of a positron
merging from the reaction

nwe 1 p → e1 1 n , (3)

which is the same inverse-beta-decay
eaction exploited by Reines and
owan to observe the first neutrino 

nteractions. But E-31 detected no 
lectron antineutrino events coming
om positive muon decay. Thus, the
robability for Reaction (2) to occur
ad to be very small, below the sensi-
vity limits of the experiment. It 
ppeared that the additive conservation
aw was correct to a very high level of
ccuracy and that family number was
eparately conserved by each lepton

family. (The later observance of a few
electron antineutrinos in experiment 
E-1173 is now interpreted as evidence
for oscillations of muon antineutrinos
into electron antineutrinos. The possi-
bility that Reaction (2) might still occur
is described in the article “The Nature 
of Neutrinos in Muon Decay and
Physics Beyond the Standard Model”
on page 128.) 

E-31 also carried out the only 
measurement of the cross section for 
electron neutrinos on deuterium, D. In
order to calibrate the detector, the 
experimenters filled it with heavy 
water (D2O) and observed the reaction

ne 1 D → e2 1 p 1 p . (4)

Comparing the frequency of events to
the known electron neutrino flux yields
the cross section. Reaction (4) is
directly related to the primary energy-
generating reaction in our sun:

p 1 p → D 1 e1 1 ne . (5)

This is the pp reaction that has figured
so prominently in the solar neutrino
problem (see the article “Exorcising
Ghosts” on page 136.)

Experiment E-225

Parity violation in nuclear beta
decay was discovered in 1956 by
Chien-Shiung Wu and her collaborators
at the National Bureau of Standards.
Shortly thereafter, Richard Feynman
and Murray Gell-Mann formulated the
V2A theory (a “left-handed” theory
that violated parity) for what is now
called the charged-current weak interac-
tion. The theory was immediately con-
firmed in a flurry of experimental and
theoretical activity.  

During the sixties and early seven-
ties, powerful new theoretical insights
by Sheldon Glashow, Abdus Salam,
Steven Weinberg, George Zweig, and
Gell-Mann, supplemented by numerous
experimental observations at high-energy
accelerators in the United States and
Europe, led to a partial unification of
the weak and electromagnetic interac-
tions. The hallmark of the new elec-
troweak theory was the inclusion of
neutral-current interactions, which were
mediated by the exchange of a neutral
boson (Z0). These neutral interactions
were in addition to the well-studied
charged-current interactions, which in
the new electroweak theory were medi-
ated by the exchange of a W1 boson. 

E-225 was proposed before neutral
currents were discovered. Its original
intent was to observe the charged-
current scattering of electron neutrinos
from electrons and to measure the cross
section. In that reaction, the incoming
electron neutrino transforms into an
electron, and the target electron is
transformed into an electron neutrino:

ne 1 e2 → e2 1 ne . (6)

With the introduction of the elec-
troweak theory, the objective of E-225
was quickly changed. In addition to the
charged-current interaction, the new
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Figure 2. E-31 Collaborators and Detector
rom left to right, Robert Burman, Donald Cochran, Jean Duclos, and Peter Nemethy
tand in front of the E-31 detector, the first water-filled Cerenkov detector used to
earch for neutrinos. 

Figure 3. A Flash-Chamber Module
Bobby Rechtor (center) prepares to lift a flash-chamber module (silver plane.) Forty
modules made up the neutrino detector for the E-225 experiment. At left are Minh Van
Duong and Robert Burman; at the back are Peter Doe and K. C. Wang. The man at the
right is unidentified. 

LAMPF

Louie Rosen

Bob Berman, Don Cochran, Jean Duclos, Peter Nemethy (E31)



Marvelous opportunities for a theorist with an interest in experiment

   I met George Cowan, and we worked on exotic ideas to do new kinds of
       solar neutrino experiments that would test the thermal stability of the Sun over
       the Kelvin time

   Became interested in nuclear and atomic tests of parity and time reversal
          - led me to interact with Eric Adelberger, Jules Deutsch, and Art McDonald
            when they visited — all of whom were interested in similar problems

   And someone told me it was a good time to think about the nuclear and particle
     physics of a process called double beta decay 

           



My subsequent involvement with double beta decay led to my friendship with Frank

   The Physics Division was not only
       involved in LAMPF oscillations physics,
       but other aspects of neutrinos

   Tritium decay neutrino mass measurements
       of Bowles, Robertson, Wilkerson…

   SAGE solar neutrino experiment  

   Currently, LEGEND, BEST, … 

Frank was a frequent visitor to Los Alamos,
and called to arrange for us to meet due to our
shared interest in double beta decay 

Neutrinos have been around, 
literally, since the beginning 
of time. In the sweltering 

moments following the Big Bang, 
neutrinos were among the first particles
to emerge from the primordial sea. 
A minute later, the universe had cooled
enough for protons and neutrons 
to bind together and form atomic 
nuclei. Ten or twenty billion years
later—today—the universe still teems
with these ancient neutrinos, which
outnumber protons and neutrons by
roughly a billion to one. Stars such as
the sun churn out more; Wolfgang
Pauli himself was unknowingly awash
in trillions of solar neutrinos while he
was drafting his “desperate remedy.”1

We tend to think of neutrinos as
transients, interacting only through the
weak force and gravity and tracing
long, lonely trajectories across 
the universe. But what they lack 
in strength they make up in number. 
Even if neutrinos were to have a mass
as small as one billionth of that of a 
proton or neutron, their cumulative tug
would be enormous, affecting the 
gravitational evolution of the universe
as much as the normal matter we 
observe every day. It is believed that a
neutrino mass of 22 electron volts
would cause our universe to contract
and eventually collapse because of
gravitational forces.

Ironically, all who attempted 
to measure the mass of the neutrino 
directly used the very process that
compelled Pauli to postulate its 
existence more than sixty years 
ago—the curious phenomenon of beta
decay. Early experiments determined
that certain radioactive atoms produced
beta particles (high-energy electrons)
when they decayed. The law of energy 
conservation dictates that the electron
should emerge with a specific energy,
identical every time, as it recoils
against the atom. The electrons, 
however, appeared with a variety of
energies, and Pauli correctly inferred

that the decay also produced a second
unseen particle, now called the 
electron neutrino. The neutrino would
share the energy released in the decay
with the daughter atom and the 
electron. The electrons would emerge
with a spectrum of energies.

In 1934, Enrico Fermi pointed out
that, if the neutrino had mass, it would
subtly distort the tail of this spectrum.
When an atom undergoes beta decay, it
produces a specific amount of available
energy that is carried away by the 
electron, the neutrino, and the daughter
atom. Typically, the bulky atom 
remains relatively still, while the 
electron and neutrino split the available
energy. Sometimes, the electron takes
more than half, sometimes less. 
On extremely rare occasions, it can
carry off nearly all the energy.

This maximum amount of energy
the electron can carry off is called the
endpoint energy and marks the tail end
of the spectrum of electron energy 
released in the decay. If the neutrino
has no mass, the endpoint energy 
is very nearly equal to the energy 
released in the decay. On the other
hand, Fermi pointed out, a finite 
neutrino mass would make the end-
point energy slightly lower and shorten
the tail of the spectrum.

If some of the energy released in 
the decay were “locked up” in the mass
of the neutrino, it would be unavailable
to the electron, and the mass of the
neutrino could be determined from a
careful measurement of the spectrum
near the endpoint. Unfortunately, the
converse (a massless neutrino) can
never be proved; it is always possible
that the neutrino has a small mass that
lies just beyond the reach of the latest
experiment. A Zen-like axiom underlies
this quandary: you cannot weigh some-
thing that has no mass.

The ideal beta-decay source has 
a short lifetime and releases only 
a small amount of energy in the decay.
A small energy release means that
more decays fall near the endpoint,
where the shape of the electron 
energy spectrum is sensitive to a small

neutrino mass. A short lifetime 
means atoms decay more rapidly, 
making more data available. 

A wonderful accident of nature, tri-
tium (a hydrogen atom with two extra
neutrons) is a perfect source by both
of these measures: it has a reasonably
short lifetime (12.4 years) and releases
only 18.6 kilo-electron-volts (keV) 
as it decays into helium-3. 
Additionally, its molecular structure 
is simple enough that the energy 
spectrum of the decay electrons can 
be calculated with confidence.

The predicted spectrum (shown 
in Figure 1) peaks at around 4 keV 
and extends up to the endpoint 
energy, around 18.6 keV. Only 
one out of every 10 million decays
emits an electron in the last 
100 electron volts before the 
endpoint, where the shape is sensitive
to neutrino masses in the range 
of 30 electron volts (see close-up of 
the endpoint), so testing the tail 
requires precision as well as patience.

ITEP Weighs in with Neutrino
Mass

Was the neutrino mass holding back
some energy from the electron? In
1980, the answer seemed to be a star-
tling “yes.” Over the years, numerous
experiments had probed the endpoint
with increasing precision and concluded
that the neutrino could have a mass no
more than a few tens of electron volts.
But in 1980, Russian scientists at the
Institute for Theoretical and Experi-
mental Physics (ITEP) in Moscow 
announced that they had pushed even
further and discovered a shortfall 
near the endpoint corresponding 
to a neutrino mass of around 
35 electron volts. The consequences of
such a hefty mass would be enormous.
The Standard Model would have to be 
revised, and the universe would 
eventually collapse, albeit not for 
another 40 billion years or so. 

But were the results correct? Inves-
tigations uncovered problems in the
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   Frank and I have shared a friendship as well as interests in       decay and
      DM searches for forty years

   From one of our Los Alamos interactions, I wound up doing the data
      analysis for an axion experiment he, Frank Calaprice, and others performed with an
      intense 65Zn neutrino source fabricated by Ray Davis

TAUP 2013, Asilomar Hamish-Fest, Seattle  (with Baha Balantekin)
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And because of our shared interest in US underground science,
twice we co-organized the TAUP meeting



My science theme today is Neutrinos in Astrophysics

   Laboratory efforts on neutrino mass, oscillations, and lepton number conservation
      were linked from the beginning to neutrino astrophysics

   The first serious exploration of Pontecorvo’s idea to build a radiochemical Cl neutrino
       detector (1946) was done by L. Alvarez in 1949
            — goal: to look for the wrong-sign lepton process
            — pre-parity-violation, this was a test of a Majorana neutrino

   Ray Davis, Harmer, and Hoffman perfected the technology, built the detector, applied
      it to solar neutrinos, and got the “wrong” result for the flux (1968)

   Pontecorvo suggestion of oscillations among massive neutrinos (1957) became
      the leading particle-physics explanation for the solar neutrino problem
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Solar Neutrinos as the first Example of Multi-Messenger Astrophysics

Observations:
Sun’s  age, physical parameters

photon luminosity
solar neutrinos
helioseismology

metallicity: photo absorption lines

Input Microphysics:
nuclear reaction rates

opacities
EoS and corrections
diffusion coefficient

Modeling:
boundary conditions

physics: hydrostatic equilibrium
energy production

energy transport: rad. & convect.



But things did not start out this way.


When the Homestake experiment was

proposed, little was known about the 

nuclear reactions powering the Sun:  it was

unclear whether the Sun was powered

by the pp chain or the CNO cycle


The modeling was immature, with

no quantitative estimate of the Sun’s

core temperature, the most critical

parameter in determining neutrino

fluxes 
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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

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

(p, γ)

(p, γ)

(p, α)

(p, γ)

β+

β+

3 He + p → 4 He + e+ + νe

7 Li + p → 2 4 He

2H + p → 3 He + γ

p + e– + p → 2H + νe

7 Be + e– → 7 Li + νe
7 Be + p → 8 B + γ

8 B → 8 Be + e+ + νe

13 C

13 N

12C

14 N

15 O

15 N

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.
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4p ! 4
He + 2e+ + 2⌫e + 26.7 MeV

Prior to 1959 
Prior to 1959:  solar neutrinos
                         though to be too low in
                         energy for detection in     
                         the chlorine detector
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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

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

(p, γ)

(p, γ)

(p, α)

(p, γ)

β+

β+

3 He + p → 4 He + e+ + νe

7 Li + p → 2 4 He

2H + p → 3 He + γ

p + e– + p → 2H + νe

7 Be + e– → 7 Li + νe
7 Be + p → 8 B + γ

8 B → 8 Be + e+ + νe

13 C

13 N

12C

14 N

15 O

15 N

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.
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4p ! 4
He + 2e+ + 2⌫e + 26.7 MeV

Prior to 1959 

Holmgren & Johnston 
measurement 

1959

x 1000



   Willy Fowler immediately recognized the opportunity that had opened for the
       chlorine detector

   Had stellar modelers Iben and Sears at Caltech:  He brought in a young John
       Bahcall to help with the weak interaction/neutrino physics

   The result was a model that yielded a core temperature that was used by John
       to make a first estimate of solar neutrino fluxes, off line

    That model has been refined over the last 50 years, with significant modifications
       continuing even in this decade



• Origin of solar neutrino physics: desire to test our model of low-mass, main-sequence               
stellar evolution


       − local hydrostatic equilibrium: gas pressure gradient counteracting gravitational force

       − hydrogen burning:  4p ➝ 4He + energy (+ neutrinos)

       − energy transport by radiation (interior) and convection (envelope)

       − boundary conditions: today’s mass, radius, luminosity, …


•   The implementation of this physics requires

       − an electron gas EoS

       − cross sections for the very low energy nuclear reactions

       − radiative opacity  

       − some means of fixing the composition at ZAMS, including the  ratios H:He:metals


This model describs 70% of the stars in the Milky Way, critical to the interpretation of 
modern surveys like those of the ESA’s Plato Mission

The Standard Solar Model
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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
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CN cycle
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3 He + 3 He → 4 He + 2p 3 He + 4 He → 7 Be + γ

(p, γ)

(p, γ)
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(p, γ)
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3 He + p → 4 He + e+ + νe

7 Li + p → 2 4 He

2H + p → 3 He + γ

p + e– + p → 2H + νe

7 Be + e– → 7 Li + νe
7 Be + p → 8 B + γ

8 B → 8 Be + e+ + νe

13 C

13 N

12C

14 N
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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.
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4p ! 4
He + 2e+ + 2⌫e + 26.7 MeV

Prior to 1959 

Have a neutrino 
thermometer 
capable of measuring 
the solar 
core temperature to 1%

dependence 
on the core 
temperature
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   While the first results from the Homestake were announced in 1968, it took
      20 years before other experiments were able to confirm the solar neutrino
      deficit

   This delay was not entirely scientific:  Davis had developed procedures for 
       both the Ga metal (SAGE) and GaCl (GALLEX) experiments, and pointed out that
       this experiment had the potential to definitively distinguish neutrino oscillation
       solutions from solar model solutions — but proposals for a US-based experiment
       were unsuccessful

   But when the chlorine, gallium, and Kamioka II/III results were confined, the
      significance of the solar neutrino problem became more apparent
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The results were not compatible with the SSM or any reasonable 
variation thereof - something novel was going on

From Hata

The results were not compatible with the SSM or any reasonable 

variation thereof - something novel was going on
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SNO Super-Kamiokande

50 kilotons

yielded a neutrino
“photograph” of the Sun

Borexino

3 kiltons of ultra pure scintillator

pp, pep, 7Be, 8B, CNO




)-1 s-2 cm6 10× (eφ
0 0.5 1 1.5 2 2.5 3 3.5

)-1
 s

-2
 c

m
6

  1
0

× ( τ
µφ

0

1

2

3

4

5

6

 68% C.L.CC
SNO

φ

 68% C.L.NC
SNO

φ

 68% C.L.ES
SNO

φ

  68% C.L.ES
SK

φ

 68% C.L.SSM
BS05

φ

 68%, 95%, 99% C.L.τµ
NC

φ the SNO results showing the 

 flavor conversion νe →νheavy 

requires massive neutrinos 

and an extension of the SM 


Super-K

found the same physics


in its zenith-angle mapping

of atmospheric neutrinos

SNO Collaboration



Just as the photon acquires a mass in water,  neutrino masses (and mass differences) evolve 
with
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⇒  the electron neutrino becomes heavier when surrounded by matter
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Figure 14: Three-flavor neutrino level-crossing diagram. One popular scenario associates the
solar neutrino problem with νe ↔ νµ oscillations and predicts a cosmologically interested

massive ντ with νe ↔ ντ oscillations near the supernova neutrinosphere.

are not produced in sufficient amounts in the big bang or in any of the stellar
mechanisms we have discussed. The traditional explanation has been cosmic
ray spallation interactions with C, O, and N in the interstellar medium. In this
picture, cosmic ray protons collide with C at relatively high energy, knocking
the nucleus apart. So in the debris one can find nuclei like 10B, 11B, and 7Li.

But there are some problems with this picture. First of all, this is an
example of a secondary mechanism: the interstellar medium must be enriched
in the C, O, and N to provide the targets for these reactions. Thus cosmic ray
spallation must become more effective as the galaxy ages. The abundance of
boron, for example, would tend to grow quadratically with metallicity, since
the rate of production goes linearly with metallicity. But observations, espe-
cially recent measurements with the HST, find a linear growth 49 in the boron
abundance.

A second problem is that the spectrum of cosmic ray protons peaks near

52
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Figure 14: Three-flavor neutrino level-crossing diagram. One popular scenario associates the
solar neutrino problem with νe ↔ νµ oscillations and predicts a cosmologically interested

massive ντ with νe ↔ ντ oscillations near the supernova neutrinosphere.

are not produced in sufficient amounts in the big bang or in any of the stellar
mechanisms we have discussed. The traditional explanation has been cosmic
ray spallation interactions with C, O, and N in the interstellar medium. In this
picture, cosmic ray protons collide with C at relatively high energy, knocking
the nucleus apart. So in the debris one can find nuclei like 10B, 11B, and 7Li.

But there are some problems with this picture. First of all, this is an
example of a secondary mechanism: the interstellar medium must be enriched
in the C, O, and N to provide the targets for these reactions. Thus cosmic ray
spallation must become more effective as the galaxy ages. The abundance of
boron, for example, would tend to grow quadratically with metallicity, since
the rate of production goes linearly with metallicity. But observations, espe-
cially recent measurements with the HST, find a linear growth 49 in the boron
abundance.

A second problem is that the spectrum of cosmic ray protons peaks near

52

⌫e
<latexit sha1_base64="HV1fKsXV8GYfpQ8BWTaFQolAxDQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVby+zIb4KBac+vuAmSdeAWpQYHWoPrVHyYsi1EaJqjWPc9NTZBTZTgTOKv0M40pZRM6wp6lksaog3xx7IxcWGVIokTZkoYs1N8TOY21nsah7YypGetVby7+5/UyE90GOZdpZlCy5aIoE8QkZP45GXKFzIipJZQpbm8lbEwVZcbmU7EheKsvr5P2Vd1z697Dda3ZKOIowxmcwyV4cANNuIcW+MCAwzO8wpsjnRfn3flYtpacYuYU/sD5/AHRFY6j</latexit><latexit sha1_base64="HV1fKsXV8GYfpQ8BWTaFQolAxDQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVby+zIb4KBac+vuAmSdeAWpQYHWoPrVHyYsi1EaJqjWPc9NTZBTZTgTOKv0M40pZRM6wp6lksaog3xx7IxcWGVIokTZkoYs1N8TOY21nsah7YypGetVby7+5/UyE90GOZdpZlCy5aIoE8QkZP45GXKFzIipJZQpbm8lbEwVZcbmU7EheKsvr5P2Vd1z697Dda3ZKOIowxmcwyV4cANNuIcW+MCAwzO8wpsjnRfn3flYtpacYuYU/sD5/AHRFY6j</latexit><latexit sha1_base64="HV1fKsXV8GYfpQ8BWTaFQolAxDQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVby+zIb4KBac+vuAmSdeAWpQYHWoPrVHyYsi1EaJqjWPc9NTZBTZTgTOKv0M40pZRM6wp6lksaog3xx7IxcWGVIokTZkoYs1N8TOY21nsah7YypGetVby7+5/UyE90GOZdpZlCy5aIoE8QkZP45GXKFzIipJZQpbm8lbEwVZcbmU7EheKsvr5P2Vd1z697Dda3ZKOIowxmcwyV4cANNuIcW+MCAwzO8wpsjnRfn3flYtpacYuYU/sD5/AHRFY6j</latexit><latexit sha1_base64="HV1fKsXV8GYfpQ8BWTaFQolAxDQ=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48VTFtoQ9lsJ+3SzSbsboQS+hu8eFDEqz/Im//GbZuDtj4YeLw3w8y8MBVcG9f9dkobm1vbO+Xdyt7+weFR9fikrZNMMfRZIhLVDalGwSX6hhuB3VQhjUOBnXByN/c7T6g0T+SjmaYYxHQkecQZNVby+zIb4KBac+vuAmSdeAWpQYHWoPrVHyYsi1EaJqjWPc9NTZBTZTgTOKv0M40pZRM6wp6lksaog3xx7IxcWGVIokTZkoYs1N8TOY21nsah7YypGetVby7+5/UyE90GOZdpZlCy5aIoE8QkZP45GXKFzIipJZQpbm8lbEwVZcbmU7EheKsvr5P2Vd1z697Dda3ZKOIowxmcwyV4cANNuIcW+MCAwzO8wpsjnRfn3flYtpacYuYU/sD5/AHRFY6j</latexit>

⌫µ
<latexit sha1_base64="0+dpB0q45PzI4c96epKLUptzpzI=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx4jmAdklzA7mU2GzMwu8xDCko/w4kERr36PN//GSbIHTSxoKKq66e6KM8608f1vr7SxubW9U96t7O0fHB5Vj086OrWK0DZJeap6MdaUM0nbhhlOe5miWMScduPJ3dzvPlGlWSofzTSjkcAjyRJGsHFSN5R2EAo7qNb8ur8AWidBQWpQoDWofoXDlFhBpSEca90P/MxEOVaGEU5nldBqmmEywSPad1RiQXWUL86doQunDFGSKlfSoIX6eyLHQuupiF2nwGasV725+J/Xtya5jXImM2uoJMtFieXIpGj+OxoyRYnhU0cwUczdisgYK0yMS6jiQghWX14nnat64NeDh+tas1HEUYYzOIdLCOAGmnAPLWgDgQk8wyu8eZn34r17H8vWklfMnMIfeJ8/aFKPkA==</latexit><latexit sha1_base64="0+dpB0q45PzI4c96epKLUptzpzI=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx4jmAdklzA7mU2GzMwu8xDCko/w4kERr36PN//GSbIHTSxoKKq66e6KM8608f1vr7SxubW9U96t7O0fHB5Vj086OrWK0DZJeap6MdaUM0nbhhlOe5miWMScduPJ3dzvPlGlWSofzTSjkcAjyRJGsHFSN5R2EAo7qNb8ur8AWidBQWpQoDWofoXDlFhBpSEca90P/MxEOVaGEU5nldBqmmEywSPad1RiQXWUL86doQunDFGSKlfSoIX6eyLHQuupiF2nwGasV725+J/Xtya5jXImM2uoJMtFieXIpGj+OxoyRYnhU0cwUczdisgYK0yMS6jiQghWX14nnat64NeDh+tas1HEUYYzOIdLCOAGmnAPLWgDgQk8wyu8eZn34r17H8vWklfMnMIfeJ8/aFKPkA==</latexit><latexit sha1_base64="0+dpB0q45PzI4c96epKLUptzpzI=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx4jmAdklzA7mU2GzMwu8xDCko/w4kERr36PN//GSbIHTSxoKKq66e6KM8608f1vr7SxubW9U96t7O0fHB5Vj086OrWK0DZJeap6MdaUM0nbhhlOe5miWMScduPJ3dzvPlGlWSofzTSjkcAjyRJGsHFSN5R2EAo7qNb8ur8AWidBQWpQoDWofoXDlFhBpSEca90P/MxEOVaGEU5nldBqmmEywSPad1RiQXWUL86doQunDFGSKlfSoIX6eyLHQuupiF2nwGasV725+J/Xtya5jXImM2uoJMtFieXIpGj+OxoyRYnhU0cwUczdisgYK0yMS6jiQghWX14nnat64NeDh+tas1HEUYYzOIdLCOAGmnAPLWgDgQk8wyu8eZn34r17H8vWklfMnMIfeJ8/aFKPkA==</latexit><latexit sha1_base64="0+dpB0q45PzI4c96epKLUptzpzI=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx4jmAdklzA7mU2GzMwu8xDCko/w4kERr36PN//GSbIHTSxoKKq66e6KM8608f1vr7SxubW9U96t7O0fHB5Vj086OrWK0DZJeap6MdaUM0nbhhlOe5miWMScduPJ3dzvPlGlWSofzTSjkcAjyRJGsHFSN5R2EAo7qNb8ur8AWidBQWpQoDWofoXDlFhBpSEca90P/MxEOVaGEU5nldBqmmEywSPad1RiQXWUL86doQunDFGSKlfSoIX6eyLHQuupiF2nwGasV725+J/Xtya5jXImM2uoJMtFieXIpGj+OxoyRYnhU0cwUczdisgYK0yMS6jiQghWX14nnat64NeDh+tas1HEUYYzOIdLCOAGmnAPLWgDgQk8wyu8eZn34r17H8vWklfMnMIfeJ8/aFKPkA==</latexit>

in Sun
<latexit sha1_base64="vBfxHwtrkVvmay/0awu5gM6mJwQ=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqiQi6rLgxmVF+4A2lMl00g6dTMI8hBrqj7hxoYhbP8Wdf+OkzUJbDwwczrmXOfeEKWdKe963s7K6tr6xWdoqb+/s7lXc/YOWSowktEkSnshOiBXlTNCmZprTTiopjkNO2+H4OvfbD1Qqloh7PUlpEOOhYBEjWFup71Z6MdYjGWdMPN0ZMe27Va/mzYCWiV+QKhRo9N2v3iAhJqZCE46V6vpeqoMMS80Ip9NyzyiaYjLGQ9q1VOCYqiCbBZ+iE6sMUJRI+4RGM/X3RoZjpSZxaCfzmGrRy8X/vK7R0VVgb0qNpoLMP4oMRzpBeQtowCQlmk8swUQymxWREZaYaNtV2ZbgL568TFpnNd+r+bfn1fpFUUcJjuAYTsGHS6jDDTSgCQQMPMMrvDmPzovz7nzMR1ecYucQ/sD5/AGLyZOd</latexit><latexit sha1_base64="vBfxHwtrkVvmay/0awu5gM6mJwQ=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqiQi6rLgxmVF+4A2lMl00g6dTMI8hBrqj7hxoYhbP8Wdf+OkzUJbDwwczrmXOfeEKWdKe963s7K6tr6xWdoqb+/s7lXc/YOWSowktEkSnshOiBXlTNCmZprTTiopjkNO2+H4OvfbD1Qqloh7PUlpEOOhYBEjWFup71Z6MdYjGWdMPN0ZMe27Va/mzYCWiV+QKhRo9N2v3iAhJqZCE46V6vpeqoMMS80Ip9NyzyiaYjLGQ9q1VOCYqiCbBZ+iE6sMUJRI+4RGM/X3RoZjpSZxaCfzmGrRy8X/vK7R0VVgb0qNpoLMP4oMRzpBeQtowCQlmk8swUQymxWREZaYaNtV2ZbgL568TFpnNd+r+bfn1fpFUUcJjuAYTsGHS6jDDTSgCQQMPMMrvDmPzovz7nzMR1ecYucQ/sD5/AGLyZOd</latexit><latexit sha1_base64="vBfxHwtrkVvmay/0awu5gM6mJwQ=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqiQi6rLgxmVF+4A2lMl00g6dTMI8hBrqj7hxoYhbP8Wdf+OkzUJbDwwczrmXOfeEKWdKe963s7K6tr6xWdoqb+/s7lXc/YOWSowktEkSnshOiBXlTNCmZprTTiopjkNO2+H4OvfbD1Qqloh7PUlpEOOhYBEjWFup71Z6MdYjGWdMPN0ZMe27Va/mzYCWiV+QKhRo9N2v3iAhJqZCE46V6vpeqoMMS80Ip9NyzyiaYjLGQ9q1VOCYqiCbBZ+iE6sMUJRI+4RGM/X3RoZjpSZxaCfzmGrRy8X/vK7R0VVgb0qNpoLMP4oMRzpBeQtowCQlmk8swUQymxWREZaYaNtV2ZbgL568TFpnNd+r+bfn1fpFUUcJjuAYTsGHS6jDDTSgCQQMPMMrvDmPzovz7nzMR1ecYucQ/sD5/AGLyZOd</latexit><latexit sha1_base64="vBfxHwtrkVvmay/0awu5gM6mJwQ=">AAAB+HicbVDLSsNAFL3xWeujUZduBovgqiQi6rLgxmVF+4A2lMl00g6dTMI8hBrqj7hxoYhbP8Wdf+OkzUJbDwwczrmXOfeEKWdKe963s7K6tr6xWdoqb+/s7lXc/YOWSowktEkSnshOiBXlTNCmZprTTiopjkNO2+H4OvfbD1Qqloh7PUlpEOOhYBEjWFup71Z6MdYjGWdMPN0ZMe27Va/mzYCWiV+QKhRo9N2v3iAhJqZCE46V6vpeqoMMS80Ip9NyzyiaYjLGQ9q1VOCYqiCbBZ+iE6sMUJRI+4RGM/X3RoZjpSZxaCfzmGrRy8X/vK7R0VVgb0qNpoLMP4oMRzpBeQtowCQlmk8swUQymxWREZaYaNtV2ZbgL568TFpnNd+r+bfn1fpFUUcJjuAYTsGHS6jDDTSgCQQMPMMrvDmPzovz7nzMR1ecYucQ/sD5/AGLyZOd</latexit>

high density             solar density               vacuum

<latexit sha1_base64="21S0fVk7xcHfiq25dDTN641rb+s=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEtMeCF48V7Ac0oWy203bpZhN2N4US+ze8eFDEq3/Gm//GbZuDtj4YeLw3w8y8MBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1KNgktsGm4EdhKFNAoFtsPx3dxvT1BpHstHM00wiOhQ8gFn1FjJf5r0POIrKocCe+WKW3UXIOvEy0kFcjR65S+/H7M0QmmYoFp3PTcxQUaV4UzgrOSnGhPKxnSIXUsljVAH2eLmGbmwSp8MYmVLGrJQf09kNNJ6GoW2M6JmpFe9ufif103NoBZkXCapQcmWiwapICYm8wBInytkRkwtoUxxeythI6ooMzamkg3BW315nbSuqt5N1Xu4rtRreRxFOINzuAQPbqEO99CAJjBI4Ble4c1JnRfn3flYthacfOYU/sD5/AGidpFl</latexit>

|v1i
<latexit sha1_base64="bGgJ2U97WJm8FiP3qizMjMT1e0Y=">AAAB83icbVBNS8NAEJ34WetX1aOXxSJ4KkkR7bHgxWMF+wFNKJvttF262YTdTaHE/g0vHhTx6p/x5r9x2+agrQ8GHu/NMDMvTATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa0nGqGDZZLGLVCalGwSU2DTcCO4lCGoUC2+H4bu63J6g0j+WjmSYYRHQo+YAzaqzkP016VeIrKocCe6WyW3EXIOvEy0kZcjR6pS+/H7M0QmmYoFp3PTcxQUaV4UzgrOinGhPKxnSIXUsljVAH2eLmGbm0Sp8MYmVLGrJQf09kNNJ6GoW2M6JmpFe9ufif103NoBZkXCapQcmWiwapICYm8wBInytkRkwtoUxxeythI6ooMzamog3BW315nbSqFe+m4j1cl+u1PI4CnMMFXIEHt1CHe2hAExgk8Ayv8Oakzovz7nwsWzecfOYM/sD5/AGkApFm</latexit>

|v2i

<latexit sha1_base64="gsPJ6KJdljkq6Wjqdykix+z7S2A=">AAAB63icdVDLSsNAFJ34rPVVdelmsAiuQlJDW3cFNy4r2Ae0oUymk2boPMLMRCihv+DGhSJu/SF3/o2TtoKKHrhwOOde7r0nShnVxvM+nLX1jc2t7dJOeXdv/+CwcnTc1TJTmHSwZFL1I6QJo4J0DDWM9FNFEI8Y6UXT68Lv3ROlqRR3ZpaSkKOJoDHFyBTSUCVyVKl67lWzXgvq0HM9r+HX/ILUGsFlAH2rFKiCFdqjyvtwLHHGiTCYIa0HvpeaMEfKUMzIvDzMNEkRnqIJGVgqECc6zBe3zuG5VcYwlsqWMHChfp/IEdd6xiPbyZFJ9G+vEP/yBpmJm2FORZoZIvByUZwxaCQsHodjqgg2bGYJworaWyFOkELY2HjKNoSvT+H/pFtz/bob3AbVVnMVRwmcgjNwAXzQAC1wA9qgAzBIwAN4As8Odx6dF+d12brmrGZOwA84b59/p46I</latexit>⇢

adiabatic

level crossing must be adiabatic:  neutrino oscillation wavelength — maximal at the cross point — 
must be shorter than the solar density scale height
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In[51]:= Plot@H@xD, 8x, xstart, - xstart<, PlotRange Ø 80, 1.00<, Frame Ø True,
Axes Ø False, FrameLabel - > 8"R", "Survival Probability", "", ""<D

Out[51]=
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In[51]:= Plot@H@xD, 8x, xstart, - xstart<, PlotRange Ø 80, 1.00<, Frame Ø True,
Axes Ø False, FrameLabel - > 8"R", "Survival Probability", "", ""<D

Out[51]=
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In[42]:= theta = Pi ê 12

Out[42]=
p

12

In[43]:= F@x_D:= 1 - Sin@2 thetaD^2 Sin@x Cos@2 thetaDê Sin@2 thetaD^2D^2

In[44]:= F@1D

Out[44]= 1 -
1

4
SinB2 3 F

2

In[45]:= xstart = - 20

Out[45]= - 20

In[46]:= Plot@F@xD, 8x, xstart, - xstart<, PlotRange Ø 80, 1.00<, Frame Ø True,
Axes Ø False, FrameLabel - > 8"R", "Survival Probability", "", ""<D

Out[46]=
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In[47]:= G@x_D:= NIntegrate@2 Cos@2 thetaDê Sin@2 thetaD^2 
Sqrt@H- 2 ê Pi ArcTan@xp ê 5D+ 1 - Cos@2 thetaDL^2 + Sin@2 thetaD^2D, 8xp, xstart, x<D

In[48]:= Theta@x_D:= 1 ê 2 ArcCos@H2 ê Pi ArcTan@x ê 5D - 1 + Cos@2 thetaDLê
Sqrt@H2 ê Pi ArcTan@x ê 5D - 1 + Cos@2 thetaDL^2 + Sin@2 thetaD^2DD

In[49]:= N@Theta@xstartD, 5D360ê H2 PiL

Out[49]= 76.461

In[50]:= H@x_D:= 1 ê 2 + 1 ê 2 Cos@2 Theta@xDDCos@2 Theta@xstartDD +
1 ê 2 Sin@2 Theta@xDDSin@2 Theta@xstartDDCos@G@xDD

In[51]:= Plot@H@xD, 8x, xstart, - xstart<, PlotRange Ø 80, 1.00<, Frame Ø True,
Axes Ø False, FrameLabel - > 8"R", "Survival Probability", "", ""<D

Out[51]=
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In[51]:= Plot@H@xD, 8x, xstart, - xstart<, PlotRange Ø 80, 1.00<, Frame Ø True,
Axes Ø False, FrameLabel - > 8"R", "Survival Probability", "", ""<D

Out[51]=
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In[42]:= theta = Pi ê 12

Out[42]=
p

12

In[43]:= F@x_D:= 1 - Sin@2 thetaD^2 Sin@x Cos@2 thetaDê Sin@2 thetaD^2D^2

In[44]:= F@1D

Out[44]= 1 -
1

4
SinB2 3 F

2

In[45]:= xstart = - 20

Out[45]= - 20

In[46]:= Plot@F@xD, 8x, xstart, - xstart<, PlotRange Ø 80, 1.00<, Frame Ø True,
Axes Ø False, FrameLabel - > 8"R", "Survival Probability", "", ""<D

Out[46]=
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In[47]:= G@x_D:= NIntegrate@2 Cos@2 thetaDê Sin@2 thetaD^2 
Sqrt@H- 2 ê Pi ArcTan@xp ê 5D+ 1 - Cos@2 thetaDL^2 + Sin@2 thetaD^2D, 8xp, xstart, x<D

In[48]:= Theta@x_D:= 1 ê 2 ArcCos@H2 ê Pi ArcTan@x ê 5D - 1 + Cos@2 thetaDLê
Sqrt@H2 ê Pi ArcTan@x ê 5D - 1 + Cos@2 thetaDL^2 + Sin@2 thetaD^2DD

In[49]:= N@Theta@xstartD, 5D360ê H2 PiL

Out[49]= 76.461

In[50]:= H@x_D:= 1 ê 2 + 1 ê 2 Cos@2 Theta@xDDCos@2 Theta@xstartDD +
1 ê 2 Sin@2 Theta@xDDSin@2 Theta@xstartDDCos@G@xDD

)
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Crossing

No Crossing

How extremely fortunate!    The level crossing — which depends on                —  occurs 
in the middle of the solar neutrino spectrum.  We can effectively turn on/off matter effects.


Consequently the Sun provides information on the ordering of the mass eigenstates:
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Crossing

No Crossing

How extremely fortunate!    The level crossing — which depends on                —  occurs 
in the middle of the solar neutrino spectrum.  We can effectively turn on/off matter effects.


Consequently the Sun provides information on the ordering of the mass eigenstates:
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        Borexino patiently mapped out the vacuum      matter oscillation transition
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Figure 8: Electron neutrino survival probability Pee as a function of neutrino energy. The data points
show the Borexino results, obtained assuming HZ-SSM flux predictions [42], for pp (red), 7Be (blue), pep

(cyan), and 8B (grey for the separate HER-I and HER-II sub-ranges and green for the combined HER range).
The error bars include experimental and theoretical uncertainties. The gray band corresponds to the Pee

predicted by the Vacuum-LMA scenario, while the pink band represents the MSW-LMA solution. The
width of the bands is ±1s. More details in text. From [1].

contribution, this ratio can be expressed as:

RI/I I =
3He +4 He
3He +3 He

= 2 · F(7Be)
F(pp)� F(7Be)

. (16)

The result obtained with Borexino is RI/I I = 0.1780+0.027
�0.023. This value is consistent with both the HZ- and

LZ-SSM predictions, 0.180 ± 0.011 and 0.161 ± 0.010, respectively.

Solar luminosity and thermal stability The neutrino fluxes determined experimentally can be used to
derive the total power generated by nuclear reactions in the Sun’s core [43]. Using the measured Borexino
fluxes from Table 3, the obtained luminosity L� = (3.89+0.35

�0.42) ⇥ 1033 erg s�1 is in agreement with the
luminosity calculated using the photon output [52, 53], L� = (3.846 ± 0.015)⇥ 1033 erg s�1. This is a
robust and direct evidence of the nuclear origin of the solar power. While neutrinos provide a real time
picture of the solar core, it takes around 105 years for the photons to reach the solar photosphere, from
where they are free to escape. The comparison of the two luminosities then also proves that the Sun has
been in thermodynamic equilibrium over this timescale.

Electron neutrino survival probability The measured interaction rates of solar neutrinos can be used to
extract the electron neutrino survival probability at different energies. This can be done using already
discussed Equation 15, assuming standard neutrino interactions and, in this case, SSM fluxes. Figure 8
shows the extracted Pee as a function of the neutrino energy for each measured solar neutrino species. The
obtained neutrino survival probabilities are Pee(pp, 0.267 MeV) = 0.57 ± 0.09, Pee(7Be, 0.862 MeV)= 0.53 ±
0.05, Pee(pep, 1.44 MeV) = 0.43 ± 0.11, Pee(8BHER, 8.1 MeV) = 0.37 ± 0.08, Pee(8BHER�I , 7.4 MeV) = 0.39 ± 0.09,
and
Pee(8BHER�I I , 9.7 MeV)= 0.35 ± 0.09. For continuous neutrino spectra, i.e. for pp and 8B, the Pee is quoted
for the average energy of neutrinos that produce scattered electrons in the given energy range. The quoted
errors include the uncertainties on the SSM solar-neutrino flux predictions.

Borexino is the only experiment that can simultaneously test neutrino flavour conversion both in the
vacuum and in the matter-dominated regime, providing the most precise measurement of the Pee in the

28

vacuum dominated

matter dominated
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We may not be quite done with the Sun and solar neutrinos


Two basic assumptions in the SSM should be better tested — to high precision


   the equivalence of the sun’s electromagnetic (photon) and weak (neutrino) luminosities:

       only tested to            :   leads room for anomalous cooling through new particle physics,  

        solar variability, etc.


   the assumption that the Sun was homogeneous when it formed:  critical to our 

       understanding of our solar system, and to exoplanetary systems


“The solar abundance problem”:  we can measure the early Sun’s metallicity in two ways - 
and in two places - but the measurements disagree

       — in the photosphere (photo-absorption lines) ➝ low      from solar surface

       — throughout the radiative zone (helioseismology) ➝ high      from core

       — differ by 25%


While a conventional resolution is quite possible, this difference has caused us to rethink

whether we can treat the Sun in isolation
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Was the Sun really homogeneous when it formed? 

∼ 5% of nebular gas

Dullemond and Monnier,  ARA&A 2010



Was the Sun really homogeneous when it formed? 

∼ 5% of nebular gas The argument in the
affirmative comes 
from there passage of
contracting Sun through
the fully convective
Hayashi phase



Was the Sun really homogeneous when it formed? 

∼ 5% of nebular gas

But when the Sun was 
95% formed, the 
remaining 5% of the gas
(which retains much of 
the Sun’s original 
angular momentum) 
formed into a thin disk,
with the planets forming
in the disk’s mid plane,
sweeping out much of 
the dusty and ice that 
concentrated there



Was the Sun really homogeneous when it formed? 

∼ 5% of nebular gas

When we inventory the 
planets, we find that thy 
store an extra 50-90 
earth masses of metals.

One concludes that the 
composition of the mass 
accreting onto the early 
Sun must have changed 
at that time, from metal 
rich to metal poor



Was the Sun really homogeneous when it formed? 

∼ 5% of nebular gas

Recently we have 
observed this process in 
real time, though 
Infrared Telescope 
Facility measurements 
of 26 accreting T Tauri 
stars

Very large depletions of
C (also N, Si) found in 
the accreting gas of the 
inner disk

M. K. McClure, A&A 632 (2019) A32



*******************************************************************************************************************

                                       Multi-messenger Astrophysics 

The effort to understand the Sun began long before we had evidence of new neutrino physics


A unique opportunity to study the best-known star to test whether we had a consistent model 
of hydrogen burning


Together with the Big Bang, the Sun provides perhaps our best example of multi-messenger 
astrophysics.  Combines


— physical properties:  the known age, mass, composition, and luminosity of the sun


— the neutrino fluxes:  constraining the temperature of the core to 1%


— the heioseismology:  maps the sound speed to sub-1% precision throughout most of the                   

    solar interior


— detailed input nuclear and atomic physics:  laboratory measurements of nuclear cross

     sections, lab and QM determinations of opacities




There was no guarantee we would learn new fundamental physics by studying the Sun


Yet it was also a good bet that this might happen:  Astrophysics provides extreme

environments that cannot be duplicated on earth


The multi-messenger astrophysics strategy is to transform such environments into 

useful physics laboratories by constraining their properties through as many 

complementary measurements as possible


The Sun and the Big Bang (which gave us the baryon/photon ratio) are the best known

examples of multi-messenger  — but new ones are now emerging


*******************************************************************************************************************




Neutrino astrophysics: Supernovae and kilonovae


   In the Sun, neutrinos are a wonderful probe, but not a major player in solar

       dynamics or thermodynamics:  they carry off about 1% of the energy


   This contrasts with the explosive environments generated by core-collapse supernovae

       and neutron star mergers and their kilonovae aftermaths

           - neutrinos control the transport of energy, lepton number, and entropy, as well

             p/n chemistry of the ejecta that is so crucial to nucleosynthesis


    With GW170817, such events became the new focus of multi-messenger astrophysics 

          -  gravitational waves tracking the early in-spiral

          -  a variety of UV, optical, and IR measurements of the expanding, radioactively-

             powered kilonovae

          -  a gamma ray burst      

          -  deductions about the type and quantity of heavy-element nucleosynthesis,

              due to the impact of the new metals on the light curve 




   Opportunities include

           - the nuclear EoS under conditions not achievable in terrestrial labs (densities up to

             4-6      ,  temperatures ranging to 1011 K)

           - the impact of new particles on their evolution and cooling, or the impact of DM

              particle capture on the astrophysical evolution

           - neutrino physics not easily probed on earth


    Neutrinos may have roles as messengers, e.g., 

           - SuperK new phase running with Gd is motivated in part by the relic supernova

              neutrinos, whose detection would place a constraint on the entire cosmological

              history of neutrino emission in collapsing massive stars

           -  if the event detected is galactic or near-galactic


    But for such events at cosmological distances, neutrinos are part of the microphysics

      the we must input to really understand the new astrophysical “laboratories” we

      now have available
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Neutrino basics of SNe and NS mergers


  One would like to find opportunities to do “clean”
    fundamental physics with the detectable neutrinos
    from nearby (galactic) SN neutrinos

  To get more value out of multi-messenger physics
    of gravitational waves and mergers/SNe from
    cosmological distances, we will need to understand
    the neutrino physics that controls the transport
    and nuclear chemistry of these explosions

In other words,
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Fig. 8 Neutrino signal computed for the supernova explosion of a star of 27 M�, which gives birth
to a neutron star with 1.6 M�. The left panels correspond to the shock-breakout phase, the middle
panels to the post-bounce accretion phase including the transition to the proto-neutron star cooling
phase, which is given in the right panels. The upper panels display the neutrino luminosities (ne
black; n̄e: blue; one species of nµ,t : red; one species of n̄µ,t : magenta), and the lower panels
panels display the mean energies of the radiated neutrinos. In contrast to Fig. 7, the differences of
heavy-lepton neutrinos and antineutrinos associated with weak-magnetism corrections of neutrino-
nucleon scattering are shown. The slightly lower scattering opacity of n̄µ,t leads to slightly higher
luminosities and higher mean energies (by ⇠1 MeV) compared to those of nµ,t . The explosion sets
in at 0.5 s after core bounce, but accretion onto the proto-neutron star ends only at about 0.75 s,
which marks the onset of the cooling phase. (Figure courtesy of Robert Bollig)

4.2 Post-bounce Accretion

This phase follows when the ne luminosity declines from the maximum and levels
off into a plateau. Both ne and n̄e are produced in large numbers by charged-current
processes in the hot mantle of the proto-neutron star. The mass of this mantle grows
continuously, because it is fed by the accretion flow of the collapsing stellar matter
that falls through the stagnant shock and is heated by compression. The luminosities
of ne and n̄e are very similar during this phase with a slight number excess of ne
because of ongoing deleptonization. In contrast, the individual luminosities of nx are
considerably lower. These neutrinos originate mostly from the denser core region,
where the high densities and temperatures allow nucleon bremsstrahlung to generate
nxn̄x pairs.

de-leptonization        accretion             cooling
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SN Neutrinos
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SN Neutrinos

  high flux, modest fluency
    (1% of the neutrino emission)

  mean energy of about 12 MeV —
   readily detectable

  flavor purity quite good

  most important,  created outside
    the SN’s dynamical core — 
    what we know about neutrinos
    today is adequate to model this 
    source



In their role as messengers from nearby (galactic) events, perhaps the outstanding opportunity
is the hierarchy — replicating what we did with solar neutrinos
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Figure 14: Three-flavor neutrino level-crossing diagram. One popular scenario associates the
solar neutrino problem with νe ↔ νµ oscillations and predicts a cosmologically interested

massive ντ with νe ↔ ντ oscillations near the supernova neutrinosphere.

are not produced in sufficient amounts in the big bang or in any of the stellar
mechanisms we have discussed. The traditional explanation has been cosmic
ray spallation interactions with C, O, and N in the interstellar medium. In this
picture, cosmic ray protons collide with C at relatively high energy, knocking
the nucleus apart. So in the debris one can find nuclei like 10B, 11B, and 7Li.

But there are some problems with this picture. First of all, this is an
example of a secondary mechanism: the interstellar medium must be enriched
in the C, O, and N to provide the targets for these reactions. Thus cosmic ray
spallation must become more effective as the galaxy ages. The abundance of
boron, for example, would tend to grow quadratically with metallicity, since
the rate of production goes linearly with metallicity. But observations, espe-
cially recent measurements with the HST, find a linear growth 49 in the boron
abundance.

A second problem is that the spectrum of cosmic ray protons peaks near
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SOLAR

high density             solar density               vacuum
⇢ . 102 g/cm3
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Figure 14: Three-flavor neutrino level-crossing diagram. One popular scenario associates the
solar neutrino problem with νe ↔ νµ oscillations and predicts a cosmologically interested

massive ντ with νe ↔ ντ oscillations near the supernova neutrinosphere.

are not produced in sufficient amounts in the big bang or in any of the stellar
mechanisms we have discussed. The traditional explanation has been cosmic
ray spallation interactions with C, O, and N in the interstellar medium. In this
picture, cosmic ray protons collide with C at relatively high energy, knocking
the nucleus apart. So in the debris one can find nuclei like 10B, 11B, and 7Li.

But there are some problems with this picture. First of all, this is an
example of a secondary mechanism: the interstellar medium must be enriched
in the C, O, and N to provide the targets for these reactions. Thus cosmic ray
spallation must become more effective as the galaxy ages. The abundance of
boron, for example, would tend to grow quadratically with metallicity, since
the rate of production goes linearly with metallicity. But observations, espe-
cially recent measurements with the HST, find a linear growth 49 in the boron
abundance.

A second problem is that the spectrum of cosmic ray protons peaks near
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SUPERNOVA

if the hierarchy is normal

SN mantle            solar density               vacuum
⇢ ⇠ 104 g/cm2
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Fig. 8 Neutrino signal computed for the supernova explosion of a star of 27 M�, which gives birth
to a neutron star with 1.6 M�. The left panels correspond to the shock-breakout phase, the middle
panels to the post-bounce accretion phase including the transition to the proto-neutron star cooling
phase, which is given in the right panels. The upper panels display the neutrino luminosities (ne
black; n̄e: blue; one species of nµ,t : red; one species of n̄µ,t : magenta), and the lower panels
panels display the mean energies of the radiated neutrinos. In contrast to Fig. 7, the differences of
heavy-lepton neutrinos and antineutrinos associated with weak-magnetism corrections of neutrino-
nucleon scattering are shown. The slightly lower scattering opacity of n̄µ,t leads to slightly higher
luminosities and higher mean energies (by ⇠1 MeV) compared to those of nµ,t . The explosion sets
in at 0.5 s after core bounce, but accretion onto the proto-neutron star ends only at about 0.75 s,
which marks the onset of the cooling phase. (Figure courtesy of Robert Bollig)

4.2 Post-bounce Accretion

This phase follows when the ne luminosity declines from the maximum and levels
off into a plateau. Both ne and n̄e are produced in large numbers by charged-current
processes in the hot mantle of the proto-neutron star. The mass of this mantle grows
continuously, because it is fed by the accretion flow of the collapsing stellar matter
that falls through the stagnant shock and is heated by compression. The luminosities
of ne and n̄e are very similar during this phase with a slight number excess of ne
because of ongoing deleptonization. In contrast, the individual luminosities of nx are
considerably lower. These neutrinos originate mostly from the denser core region,
where the high densities and temperatures allow nucleon bremsstrahlung to generate
nxn̄x pairs.

  The deleptonization neutrinos are created under conditions we believe  
    we understand

  Generated during the infall phase, as the star begins to convert protons
    to neutrons

  They are trapped in the outer iron core by the high opacity,          , due
    to coherent scattering

  After core bounce, the stock wave stalls in the outer iron core, then is
    later revived by neutrino pressure

  The revived shock wave moves outwards, melting the outer iron core
    to nucleons, reducing the opacity by 1/N, releasing these 

  These neutrinos are a good candidate for a hierarchy test, in a detector
    like DUNE that can see         in both NC and CC channels 
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In contrast our understanding of the bulk of SN and merger neutrinos, that originate from

deep within the dynamical cores of these explosioons, is more limited.


The MSW potential is dominated by the interactions of the neutrino with other trapped 
neutrinos :  the oscillation phenomena are nonlinear, many-body, quantum entangled and fast, 
driven by lepton number asymmetries — we currently have no methods up to this task


This physics could affect many aspects of the dynamics - transport, energy deposition,

nucleosynthesis:   The challenge is to address this physics, just as Iben, Sears, and

Bahcall were challenged to address the Sun

8

FIG. 6: The number fluxes (arrows) and color contours of the number densities of ⌫e (left two panels) and ⌫̄e (right two
panels), respectively. The left and right halves of each panel are for the laboratory and fluid-rest frames, respectively.

FIG. 7: The color contour plots of ⌘⌫e = µ⌫e/T at di↵erent times. Blue regions indicate the places, where ⌘⌫e is slightly
smaller than 0 and the contour line indicates the points, at which ⌘⌫e = 0. The crosses show the points of ELN crossings.

proto-neutron star (PNS) cooling. Since this happens in
1D already, the multi-dimensional e↵ect should be im-
portant for the ELN crossing, which is not observed in
1D. In Fig. 9, we present the degeneracy parameter of ⌫e
again as a function of density for both 1D and 2D. We
find that the degeneracy of ⌫e is not resolved (⌘⌫e ⇠ 1)
in 1D although it is lowered substantially in the region
of our concern (r ⇠ 16.5 km and ⇢ ⇠ 2.4 ⇥1013g/cm3)
unlike in 2D; as a result, the ratio � never comes close to
unity in 1D, implying no chance for ELN crossing.

To give some numbers of relevance for one of the
representative points (r = 16.5 km and ✓ = 2.1 rad),
where detailed analyses are done so far, the val-
ues of denisty, temperature and electron fraction are

⇢ = 2.4 ⇥1013g/cm3, T = 20.4 MeV and Ye = 0.13, re-
spectively, and the chemical potentials of electron, proton
and neutron including the rest mass are µe = 56.9 MeV,
µp = 848 MeV and µn = 903 MeV, respectively. The elec-
tron is hence strongly degenerate here as expected. It is
also found, however, that this large chemical potential
of electron is almost canceled by the chemical potential
di↵erence between proton and neutron.

The mass fraction of free neutron and proton are Xn

= 0.781 and Xp = 0.069, respectively. If they were
non-interacting ideal Boltzmann gases, they would have
smaller chemical potential di↵erence by ⇠ 7 MeV than
those given above. Nuclear interactions are hence playing
roles here. What is more important is the existence of

⌫ density
<latexit sha1_base64="uH2LyjRWPmlfH9j6V95KxaXbXkI=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyURUZcFNy4r2Ac0oUwmt+3QySTMTIQQKv6KGxeKuPU73Pk3TtostPXAwOGce7lnTpBwprTjfFuVldW19Y3qZm1re2d3z94/6Kg4lRTaNOax7AVEAWcC2pppDr1EAokCDt1gclP43QeQisXiXmcJ+BEZCTZklGgjDewjT6TYi4geyyh/DEEoprPpwK47DWcGvEzcktRRidbA/vLCmKYRCE05UarvOon2cyI1oxymNS9VkBA6ISPoGypIBMrPZ/Gn+NQoIR7G0jyh8Uz9vZGTSKksCsxkEVQteoX4n9dP9fDaz5lIUg2Czg8NU451jIsucMgkUM0zQwiVzGTFdEwkodo0VjMluItfXiad84brNNy7i3rzsqyjio7RCTpDLrpCTXSLWqiNKMrRM3pFb9aT9WK9Wx/z0YpV7hyiP7A+fwAWW5Yr</latexit><latexit sha1_base64="uH2LyjRWPmlfH9j6V95KxaXbXkI=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyURUZcFNy4r2Ac0oUwmt+3QySTMTIQQKv6KGxeKuPU73Pk3TtostPXAwOGce7lnTpBwprTjfFuVldW19Y3qZm1re2d3z94/6Kg4lRTaNOax7AVEAWcC2pppDr1EAokCDt1gclP43QeQisXiXmcJ+BEZCTZklGgjDewjT6TYi4geyyh/DEEoprPpwK47DWcGvEzcktRRidbA/vLCmKYRCE05UarvOon2cyI1oxymNS9VkBA6ISPoGypIBMrPZ/Gn+NQoIR7G0jyh8Uz9vZGTSKksCsxkEVQteoX4n9dP9fDaz5lIUg2Czg8NU451jIsucMgkUM0zQwiVzGTFdEwkodo0VjMluItfXiad84brNNy7i3rzsqyjio7RCTpDLrpCTXSLWqiNKMrRM3pFb9aT9WK9Wx/z0YpV7hyiP7A+fwAWW5Yr</latexit><latexit sha1_base64="uH2LyjRWPmlfH9j6V95KxaXbXkI=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyURUZcFNy4r2Ac0oUwmt+3QySTMTIQQKv6KGxeKuPU73Pk3TtostPXAwOGce7lnTpBwprTjfFuVldW19Y3qZm1re2d3z94/6Kg4lRTaNOax7AVEAWcC2pppDr1EAokCDt1gclP43QeQisXiXmcJ+BEZCTZklGgjDewjT6TYi4geyyh/DEEoprPpwK47DWcGvEzcktRRidbA/vLCmKYRCE05UarvOon2cyI1oxymNS9VkBA6ISPoGypIBMrPZ/Gn+NQoIR7G0jyh8Uz9vZGTSKksCsxkEVQteoX4n9dP9fDaz5lIUg2Czg8NU451jIsucMgkUM0zQwiVzGTFdEwkodo0VjMluItfXiad84brNNy7i3rzsqyjio7RCTpDLrpCTXSLWqiNKMrRM3pFb9aT9WK9Wx/z0YpV7hyiP7A+fwAWW5Yr</latexit><latexit sha1_base64="uH2LyjRWPmlfH9j6V95KxaXbXkI=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEVyURUZcFNy4r2Ac0oUwmt+3QySTMTIQQKv6KGxeKuPU73Pk3TtostPXAwOGce7lnTpBwprTjfFuVldW19Y3qZm1re2d3z94/6Kg4lRTaNOax7AVEAWcC2pppDr1EAokCDt1gclP43QeQisXiXmcJ+BEZCTZklGgjDewjT6TYi4geyyh/DEEoprPpwK47DWcGvEzcktRRidbA/vLCmKYRCE05UarvOon2cyI1oxymNS9VkBA6ISPoGypIBMrPZ/Gn+NQoIR7G0jyh8Uz9vZGTSKksCsxkEVQteoX4n9dP9fDaz5lIUg2Czg8NU451jIsucMgkUM0zQwiVzGTFdEwkodo0VjMluItfXiad84brNNy7i3rzsqyjio7RCTpDLrpCTXSLWqiNKMrRM3pFb9aT9WK9Wx/z0YpV7hyiP7A+fwAWW5Yr</latexit>

⌫̄ density
<latexit sha1_base64="cQAmAyYnS3dn39mTKht8/MrTaZM=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclUREXRbcuKxgH9CEMplM2qEzkzAzEUKI4MZfceNCEbd+hDv/xkmbhbYeuHA4517uvSdIGFXacb6tldW19Y3N2lZ9e2d3b98+OOypOJWYdHHMYjkIkCKMCtLVVDMySCRBPGCkH0yvS79/T6SisbjTWUJ8jsaCRhQjbaSR3fACJHNPpAX0ONITyfOHkAhFdVaM7KbTcmaAy8StSBNU6IzsLy+MccqJ0JghpYauk2g/R1JTzEhR91JFEoSnaEyGhgrEifLz2RMFPDFKCKNYmhIaztTfEzniSmU8MJ3loWrRK8X/vGGqoys/pyJJNRF4vihKGdQxLBOBIZUEa5YZgrCk5laIJ0girE1udROCu/jyMumdtVyn5d6eN9sXVRw10ADH4BS44BK0wQ3ogC7A4BE8g1fwZj1ZL9a79TFvXbGqmSPwB9bnDwhFmPA=</latexit><latexit sha1_base64="cQAmAyYnS3dn39mTKht8/MrTaZM=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclUREXRbcuKxgH9CEMplM2qEzkzAzEUKI4MZfceNCEbd+hDv/xkmbhbYeuHA4517uvSdIGFXacb6tldW19Y3N2lZ9e2d3b98+OOypOJWYdHHMYjkIkCKMCtLVVDMySCRBPGCkH0yvS79/T6SisbjTWUJ8jsaCRhQjbaSR3fACJHNPpAX0ONITyfOHkAhFdVaM7KbTcmaAy8StSBNU6IzsLy+MccqJ0JghpYauk2g/R1JTzEhR91JFEoSnaEyGhgrEifLz2RMFPDFKCKNYmhIaztTfEzniSmU8MJ3loWrRK8X/vGGqoys/pyJJNRF4vihKGdQxLBOBIZUEa5YZgrCk5laIJ0girE1udROCu/jyMumdtVyn5d6eN9sXVRw10ADH4BS44BK0wQ3ogC7A4BE8g1fwZj1ZL9a79TFvXbGqmSPwB9bnDwhFmPA=</latexit><latexit sha1_base64="cQAmAyYnS3dn39mTKht8/MrTaZM=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclUREXRbcuKxgH9CEMplM2qEzkzAzEUKI4MZfceNCEbd+hDv/xkmbhbYeuHA4517uvSdIGFXacb6tldW19Y3N2lZ9e2d3b98+OOypOJWYdHHMYjkIkCKMCtLVVDMySCRBPGCkH0yvS79/T6SisbjTWUJ8jsaCRhQjbaSR3fACJHNPpAX0ONITyfOHkAhFdVaM7KbTcmaAy8StSBNU6IzsLy+MccqJ0JghpYauk2g/R1JTzEhR91JFEoSnaEyGhgrEifLz2RMFPDFKCKNYmhIaztTfEzniSmU8MJ3loWrRK8X/vGGqoys/pyJJNRF4vihKGdQxLBOBIZUEa5YZgrCk5laIJ0girE1udROCu/jyMumdtVyn5d6eN9sXVRw10ADH4BS44BK0wQ3ogC7A4BE8g1fwZj1ZL9a79TFvXbGqmSPwB9bnDwhFmPA=</latexit><latexit sha1_base64="cQAmAyYnS3dn39mTKht8/MrTaZM=">AAACBHicbVDLSsNAFJ34rPUVddnNYBFclUREXRbcuKxgH9CEMplM2qEzkzAzEUKI4MZfceNCEbd+hDv/xkmbhbYeuHA4517uvSdIGFXacb6tldW19Y3N2lZ9e2d3b98+OOypOJWYdHHMYjkIkCKMCtLVVDMySCRBPGCkH0yvS79/T6SisbjTWUJ8jsaCRhQjbaSR3fACJHNPpAX0ONITyfOHkAhFdVaM7KbTcmaAy8StSBNU6IzsLy+MccqJ0JghpYauk2g/R1JTzEhR91JFEoSnaEyGhgrEifLz2RMFPDFKCKNYmhIaztTfEzniSmU8MJ3loWrRK8X/vGGqoys/pyJJNRF4vihKGdQxLBOBIZUEa5YZgrCk5laIJ0girE1udROCu/jyMumdtVyn5d6eN9sXVRw10ADH4BS44BK0wQ3ogC7A4BE8g1fwZj1ZL9a79TFvXbGqmSPwB9bnDwhFmPA=</latexit>
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Frank has tenaciously pursued the neutrino
throughout his long career

The neutrino has been equally tenacious
in hanging on to its secrets 

But the neutrino had the jump on Frank:
that he is not the only nonagenarian here

The neutrino beat him to that birthday by 
two years!

Happy birthday, Frank!

Closing Remarks


