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In 1946 Bruno Pontecorvo suggested reactor neutrinos might be detectable using a 
radiochemical method based on 37Cl


The idea was developed by Louie Alvarez, who estimated backgrounds and cross sections,

proposed chemical methods for extracting 37Ar, etc.


These studies were done before parity violation

was discovered, and at a time when there were

suggestions (later retracted) that the neutrino

might be a Majorana particle


Davis mounted a 3.8 ton C2Cl4 detector at

Brookhaven, buried 18 ft underground, to assess

backgrounds 

    - placed a limit on the solar neutrino flux

      40,000 SNU, assuming the Sun generated

      its energy from the CNO cycle 
  

The early days
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1. INTRODUCTION

In 1958, Holmgren & Johnston (1958, 1959) found that the cross section for3He + 4He !
7Be + ! 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 signiÞcant branches to the pp II and pp III cycles and, thus, signiÞcant
ßuxes of7Be and8B solar neutrinos. Despite the uncertainties that existed in 1958Ñthe solar core
temperature was poorly constrained by theory, and other nuclear physics important to the pp chain
had not been resolvedÑboth 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+ + " e, is below the 811-keV threshold for" e + 37Cl ! 37Ar + e" , most7Be and8B neutrinos
are sufÞciently energetic to drive this reaction. In 1962 Fowler organized a team of young Caltech
researchersÑJohn Bahcall, Icko Iben, and Dick SearsÑto 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-
niÞcant advances in the solar model and in the understanding of the nuclear physics of the pp chain
and the37Cl(" e, 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 sufÞciently 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 for37Cl of 3 SNU (1 SNU = 10" 36 captures target" 1
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Figure 1

(a) The three principal cycles comprising the proton-proton (pp) chain (pp I, pp II, and pp III), the associated neutrinos that ÒtagÓ each
of the three branches, and the theoretical branching percentages deÞning the relative rates of competing reactions (GS98-SFII SSM).
Also shown is the minor branch3He + p ! 4He + e+ + " e, which generates the most energetic neutrinos. (b) The CN I cycle, which
produces the13N and 15O neutrinos.
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4p ! 4He + 2e+ + 2 ! e + 26.7 MeV

Prior to 1959 

Although Alvarez considered solar 
neutrinos, the expectation that the Sun
operated on the ppI chain many that solar 
neutrinos were below the detection 
threshold for 37Cl                           
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1. INTRODUCTION

In 1958, Holmgren & Johnston (1958, 1959) found that the cross section for3He + 4He !
7Be + ! 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 signiÞcant branches to the pp II and pp III cycles and, thus, signiÞcant
ßuxes of7Be and8B solar neutrinos. Despite the uncertainties that existed in 1958Ñthe solar core
temperature was poorly constrained by theory, and other nuclear physics important to the pp chain
had not been resolvedÑboth 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+ + " e, is below the 811-keV threshold for" e + 37Cl ! 37Ar + e" , most7Be and8B neutrinos
are sufÞciently energetic to drive this reaction. In 1962 Fowler organized a team of young Caltech
researchersÑJohn Bahcall, Icko Iben, and Dick SearsÑto 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-
niÞcant advances in the solar model and in the understanding of the nuclear physics of the pp chain
and the37Cl(" e, 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 sufÞciently 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 for37Cl 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 ! 10Ð5%

99.89% 0.11%

p + p !  2H + e+ + ! e

3He + 3He !  4He + 2p 3He + 4He !  7Be + "

(p, " )

(p, " )

(p, #)

(p, " )

$+

$+

3He + p !  4He + e+ + ! e

7Li + p !  2 4He

2H + p !  3He + "

p + eÐ + p !  2H + ! e

7Be + eÐ !  7Li + ! e
7Be + p !  8B + "

8B !  8Be + e+ + ! e

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 ÒtagÓ each
of the three branches, and the theoretical branching percentages deÞning the relative rates of competing reactions (GS98-SFII SSM).
Also shown is the minor branch3He + p ! 4He + e+ + " e, which generates the most energetic neutrinos. (b) The CN I cycle, which
produces the13N and 15O neutrinos.
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4p ! 4He + 2e+ + 2 ! e + 26.7 MeV

Prior to 1959 

Holmgren & Johnston 
measurement 

1959

x 1000



Willie Fowler recognized the implications (Fowler 58) for the Cl detector


John Bahcall had spent his first postdoctoral year at Indiana, with Konopinski, working on 
electron capture in stellar plasmas


In 1962 Willie recruited John to join the Caltech stellar modeling group off Icko Ben and 
Dick Sears, with the goal of creating the first quantitative numerical model of the Sun,

one able to predict the core temperature profile  


John computed the neutrino fluxes “off line,” from that profile: 1 capture/day/100,000 g

of C2Cl4



The experiment appeared to be very challenging, given the capture rate


The capture rate estimate had been based on the known strength off the transition to the

37Ar ground state:  


During a seminar by Bahcall in 1963, Mottelson pointed out the 

potential importance of excited states, including the isobaric analog state


Bahcall built a nuclear model to estimate the contribution

of the excited states:  capture rate increased by


Validation: predicted the then unknown lifetime of   

Subsequently measured, agreed to 20%


1964: Bahcall and Davis published

back-to-back PRLs arguing that

solar neutrinos could now be measured  
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3/ 2+ ; 1/ 2

<latexit sha1_base64="hz0DKhzcVqE4+BwEjVPrOdcZTAw=">AAAB9HicbVDLSgMxFL3js9ZX1aWbYBEEoc7U4gM3BTcuK9gHtGPJpJk2NJMZk0yhDP0ONy4UcevHuPNvTKez0NYDl3s4515yc7yIM6Vt+9taWl5ZXVvPbeQ3t7Z3dgt7+w0VxpLQOgl5KFseVpQzQeuaaU5bkaQ48DhtesPbqd8cUalYKB70OKJugPuC+YxgbSQ3OT8rTx5Pb9LeLRTtkp0CLRInI0XIUOsWvjq9kMQBFZpwrFTbsSPtJlhqRjid5DuxohEmQ9ynbUMFDqhyk/ToCTo2Sg/5oTQlNErV3xsJDpQaB56ZDLAeqHlvKv7ntWPtX7kJE1GsqSCzh/yYIx2iaQKoxyQlmo8NwUQycysiAywx0SanvAnBmf/yImmUS85FqXJfKVavszhycAhHcAIOXEIV7qAGdSDwBM/wCm/WyHqx3q2P2eiSle0cwB9Ynz/c5JDY</latexit>

3/ 2+ ; 3/ 2

<latexit sha1_base64="JXWB1/H8XzgbN1YlhdNJJwIVU+8=">AAAB73icbVDLSgNBEOyNrxhfUY9eBoPgxbibBB8HIeDFixAhL0iWMDuZTYbMzq4zs0JY8hNePCji1d/x5t84SfagiQUNRVU33V1exJnStv1tZVZW19Y3spu5re2d3b38/kFThbEktEFCHsq2hxXlTNCGZprTdiQpDjxOW97oduq3nqhULBR1PY6oG+CBYD4jWBupfd+r35yVz0u9fMEu2jOgZeKkpAApar38V7cfkjigQhOOleo4dqTdBEvNCKeTXDdWNMJkhAe0Y6jAAVVuMrt3gk6M0kd+KE0JjWbq74kEB0qNA890BlgP1aI3Ff/zOrH2r9yEiSjWVJD5Ij/mSIdo+jzqM0mJ5mNDMJHM3IrIEEtMtIkoZ0JwFl9eJs1S0bkoVh4qhep1GkcWjuAYTsGBS6jCHdSgAQQ4PMMrvFmP1ov1bn3MWzNWOnMIf2B9/gBANY7I</latexit>

M T = ! 3/ 2

<latexit sha1_base64="zxhOoW4Il6ReI95vKj5PryYYMYQ=">AAAB73icbVDLSsNAFL2pr1pfVZduBovgxpqU4mMhFNy4ESr0BW0ok+mkHTqZxJmJUEJ/wo0LRdz6O+78G6dpFtp64MLhnHu59x4v4kxp2/62ciura+sb+c3C1vbO7l5x/6ClwlgS2iQhD2XHw4pyJmhTM81pJ5IUBx6nbW98O/PbT1QqFoqGnkTUDfBQMJ8RrI3Uue83bs6c80q/WLLLdgq0TJyMlCBDvV/86g1CEgdUaMKxUl3HjrSbYKkZ4XRa6MWKRpiM8ZB2DRU4oMpN0nun6MQoA+SH0pTQKFV/TyQ4UGoSeKYzwHqkFr2Z+J/XjbV/5SZMRLGmgswX+TFHOkSz59GASUo0nxiCiWTmVkRGWGKiTUQFE4Kz+PIyaVXKzkW5+lAt1a6zOPJwBMdwCg5cQg3uoA5NIMDhGV7hzXq0Xqx362PemrOymUP4A+vzBz0pjsY=</latexit>

M T = ! 1/ 2

<latexit sha1_base64="sexSJkToquNBW16J5SF5T0xA77Y=">AAAB7nicbVDLSgNBEOyJrxhfUY9eBoPgKe6G4OMgBLx4ESLkBckSZiezyZDZ2WVmVghLPsKLB0W8+j3e/BsnyR40saChqOqmu8uPBdfGcb5Rbm19Y3Mrv13Y2d3bPygeHrV0lCjKmjQSker4RDPBJWsabgTrxIqR0Bes7Y/vZn77iSnNI9kwk5h5IRlKHnBKjJXaD/3GrXtR6RdLTtmZA68SNyMlyFDvF796g4gmIZOGCqJ113Vi46VEGU4FmxZ6iWYxoWMyZF1LJQmZ9tL5uVN8ZpUBDiJlSxo8V39PpCTUehL6tjMkZqSXvZn4n9dNTHDtpVzGiWGSLhYFicAmwrPf8YArRo2YWEKo4vZWTEdEEWpsQgUbgrv88ippVcruZbn6WC3VbrI48nACp3AOLlxBDe6hDk2gMIZneIU3FKMX9I4+Fq05lM0cwx+gzx/SMo6P</latexit>

M T = 1 / 2

<latexit sha1_base64="iBRkpD4NK/uW+Y4mhVap5R5eBhE=">AAAB7nicbVDLSgNBEOz1GeMr6tHLYBA8xd0YfByEgBcvQoS8IFnC7GQ2GTI7O8zMCmHJR3jxoIhXv8ebf+Mk2YMmFjQUVd10dwWSM21c99tZWV1b39jMbeW3d3b39gsHh00dJ4rQBol5rNoB1pQzQRuGGU7bUlEcBZy2gtHd1G89UaVZLOpmLKkf4YFgISPYWKn10KvfXpyXe4WiW3JnQMvEy0gRMtR6ha9uPyZJRIUhHGvd8Vxp/BQrwwink3w30VRiMsID2rFU4IhqP52dO0GnVumjMFa2hEEz9fdEiiOtx1FgOyNshnrRm4r/eZ3EhNd+yoRMDBVkvihMODIxmv6O+kxRYvjYEkwUs7ciMsQKE2MTytsQvMWXl0mzXPIuS5XHSrF6k8WRg2M4gTPw4AqqcA81aACBETzDK7w50nlx3p2PeeuKk80cwR84nz/VPo6R</latexit>

M T = 3 / 2

<latexit sha1_base64="7Hs8RBXjhmGLz7oW8u+duLpUEQE=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiRarO4K3bisYB/QxjKZTtqhM0mYmRRK6J+4caGIW//EnX/jpM1CWw8MHM65l3vm+DFnSjvOt1XY2Nza3inulvb2Dw6P7OOTtooSSWiLRDySXR8ryllIW5ppTruxpFj4nHb8SSPzO1MqFYvCRz2LqSfwKGQBI1gbaWDbT+l1bd4XWI+lSBt4PrDLTsVZAK0TNydlyNEc2F/9YUQSQUNNOFaq5zqx9lIsNSOczkv9RNEYkwke0Z6hIRZUeeki+RxdGGWIgkiaF2q0UH9vpFgoNRO+mcwiqlUvE//zeokObr2UhXGiaUiWh4KEIx2hrAY0ZJISzWeGYCKZyYrIGEtMtCmrZEpwV7+8TtpXFfemUn2olut3eR1FOINzuAQXalCHe2hCCwhM4Rle4c1KrRfr3fpYjhasfOcU/sD6/AF66ZOM</latexit>

37Ca

<latexit sha1_base64="dcxQ/tTGd0OtQxFw3jpooVMJwZs=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VwVZJS1GWhG1dSH2kLTSiT6bQdOpOEmYlSQvMVbvwVNy4Ucas7/8ZJm4W2HrhwOOde7r3HjxiVyrK+jcLK6tr6RnGztLW9s7tn7h+0ZBgLTBwcslB0fCQJowFxFFWMdCJBEPcZafvjRua374mQNAzu1CQiHkfDgA4oRkpLPbPiSsph1UpT6N7Q4UghIcKHNK1Z0I0yA7ocqZHgSXp75Ux7ZtmqWDPAZWLnpAxyNHvml9sPccxJoDBDUnZtK1JegoSimJFpyY0liRAeoyHpahogTqSXzP6awhOt9OEgFLoCBWfq74kEcSkn3Ned2ZFy0cvE/7xurAYXXkKDKFYkwPNFg5hBFcIsJNingmDFJpogLKi+FeIREggrHWVJh2AvvrxMWtWKfVapXdfK9UYeRxEcgWNwCmxwDurgEjSBAzB4BM/gFbwZT8aL8W58zFsLRj5zCP7A+PwBkWSe9Q==</latexit>

! 20 " 40± 20 SNU



In 1964 Homestake agreed to host the experiment:  cavern complete in mid-1965 on

th 4850 ft level of the mine


The steel containment vessel was fabricated 

in Chicago, shipped in pieces to Homestake,

and finished in 1966.  


The C2Cl4 was brought to the mine in 10 railway 

tankers, then taken underground by hoist, in 

small batches


Th first results from the experiment were 

announce in 1968, an upper bound of 3 SNU


The theoretical prediction at the time was

7.5    3 SNU (Bahcal, Bahcall, Shaviv)


This focused attention on the credibility of the SSM 

The Homestake Experiment

<latexit sha1_base64="ylLkTjsapD43bzODxB2Jihu3GPQ=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2g9ol5JNs21okl2SrFCW/gQvHhTx6i/y5r8xbfegrQ8GHu/NMDMvTAQ31vO+UWFtfWNzq7hd2tnd2z8oHx61TJxqypo0FrHuhMQwwRVrWm4F6ySaERkK1g7HtzO//cS04bF6tJOEBZIMFY84JdZJD71E9ssVr+rNgVeJn5MK5Gj0y1+9QUxTyZSlghjT9b3EBhnRllPBpqVealhC6JgMWddRRSQzQTY/dYrPnDLAUaxdKYvn6u+JjEhjJjJ0nZLYkVn2ZuJ/Xje10XWQcZWklim6WBSlAtsYz/7GA64ZtWLiCKGau1sxHRFNqHXplFwI/vLLq6R1UfUvq7X7WqV+k8dRhBM4hXPw4QrqcAcNaAKFITzDK7whgV7QO/pYtBZQPnMMf4A+fwBYu43a</latexit>

±





• 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 describes 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



• our picture of pre-solar contraction, evolution impacts the SSM

-  Sun forms from a contracting primordial gas cloud

-  passes through the Hayashi phase:  cool, opaque, large temperature gradients, slowly  

  contacting —  convective, mixed  


-  radiative transport becomes more efficient at the stars center:  radiative core grows

         from the center outward, reaching its modern form in about 30M yr


-  nuclear burning becomes the dominant source of energy


•  Because of the Hayashi phase mixing, the proto-Sun is assumed to be homogeneous 

-      

-  relative metal abundances are taken from a combination of photospheric (volatile)


         and meteoritic (refractory) measurements

-         find to surface abundance, after correction for diffusion

-         and           adjusted to produce present-day       and   


      

Result is a dynamic Sun, evolving over 4.6 b.y.

<latexit sha1_base64="ZsoWna/i4005ueLh1qjvfAeowt8=">AAACF3icbVDLSgMxFM3UV62vUZdugkUQhGFGiroRCt24rGAf2g5DJs20oUlmSDJCGfoXbvwVNy4Ucas7/8ZM24VtPRA499x7yT0nTBhV2nV/rMLK6tr6RnGztLW9s7tn7x80VZxKTBo4ZrFsh0gRRgVpaKoZaSeSIB4y0gqHtbzfeiRS0Vjc6VFCfI76gkYUI22kwHbaQZcjPZA8o4KOz+7ny4e58toL7LLruBPAZeLNSBnMUA/s724vxiknQmOGlOp4bqL9DElNMSPjUjdVJEF4iPqkY6hAnCg/m/gawxOj9GAUS/OEhhP170aGuFIjHprJ/Eq12MvF/3qdVEdXvrGUpJoIPP0oShnUMcxDgj0qCdZsZAjCkppbIR4gibA2UZZMCN6i5WXSPHe8C6dyWylXa7M4iuAIHINT4IFLUAU3oA4aAIMn8ALewLv1bL1aH9bndLRgzXYOwRysr1+A0KDE</latexit>

X ini + Yini + Zini = 1

<latexit sha1_base64="bW2UANXBdG1Gosph73I8gQgXPC4=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZeFblxWsA9sx5JJM21okhmSjFKG/ocbF4q49V/c+Tdm2llo64HA4Zx7ybkniDnTxnW/ncLa+sbmVnG7tLO7t39QPjxq6yhRhLZIxCPVDbCmnEnaMsxw2o0VxSLgtBNMGpnfeaRKs0jemWlMfYFHkoWMYGOlh/tBX2AzViJlks0G5YpbdedAq8TLSQVyNAflr/4wIomg0hCOte55bmz8FCvDCKezUj/RNMZkgke0Z6nEgmo/naeeoTOrDFEYKfukQXP190aKhdZTEdjJLKNe9jLxP6+XmPDatwfFiaGSLD4KE45MhLIK0JApSgyfWoKJYjYrImOsMDG2qJItwVs+eZW0L6reZbV2W6vUG3kdRTiBUzgHD66gDjfQhBYQUPAMr/DmPDkvzrvzsRgtOPnOMfyB8/kDEReS5g==</latexit>

Z ini
<latexit sha1_base64="LIbxfBof0hONkSahnbIdAN7z4r0=">AAAB9XicbVDLSgMxFL1TX7W+qi7dBIvgqsxIUZeFblxWsA9px5JJM21okhmSjFKG/ocbF4q49V/c+Tdm2llo64HA4Zx7ybkniDnTxnW/ncLa+sbmVnG7tLO7t39QPjxq6yhRhLZIxCPVDbCmnEnaMsxw2o0VxSLgtBNMGpnfeaRKs0jemWlMfYFHkoWMYGOlh/tBX2AzViJlks0G5YpbdedAq8TLSQVyNAflr/4wIomg0hCOte55bmz8FCvDCKezUj/RNMZkgke0Z6nEgmo/naeeoTOrDFEYKfukQXP190aKhdZTEdjJLKNe9jLxP6+XmPDatwfFiaGSLD4KE45MhLIK0JApSgyfWoKJYjYrImOsMDG2qJItwVs+eZW0L6reZbV2W6vUG3kdRTiBUzgHD66gDjfQhBYQUPAMr/DmPDkvzrvzsRgtOPnOMfyB8/kDD4aS5Q==</latexit>

Yini
<latexit sha1_base64="0WLs3+eScC95vpdGSnrHrKSCWdo=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgqsxIUZeFblwoVOgLOsOQSdM2NMkMSUYYhvorblwo4tYPceffmGlnoa0HAodz7uWenDBmVGnH+bZKG5tb2zvl3cre/sHhkX180lNRIjHp4ohFchAiRRgVpKupZmQQS4J4yEg/nLVyv/9IpKKR6Og0Jj5HE0HHFCNtpMCueojFUxR4HOmp5Nn9XWce2DWn7iwA14lbkBoo0A7sL28U4YQToTFDSg1dJ9Z+hqSmmJF5xUsUiRGeoQkZGioQJ8rPFuHn8NwoIziOpHlCw4X6eyNDXKmUh2Yyz6hWvVz8zxsmenzjZ1TEiSYCLw+NEwZ1BPMm4IhKgjVLDUFYUpMV4imSCGvTV8WU4K5+eZ30LuvuVb3x0Kg1W0UdZXAKzsAFcME1aIJb0AZdgEEKnsEreLOerBfr3fpYjpasYqcK/sD6/AH4apT+</latexit>! MLT

<latexit sha1_base64="uS4jgpRuLFxSbBLe5rC6LSoJVOU=">AAAB7nicbVA9SwNBEJ2LXzF+RS1tFoNgFe4kqGUgjYVFBPMByRH29jbJkr3bY3dOCEd+hI2FIrb+Hjv/jZvkCk18MPB4b4aZeUEihUHX/XYKG5tb2zvF3dLe/sHhUfn4pG1UqhlvMSWV7gbUcCli3kKBkncTzWkUSN4JJo2533ni2ggVP+I04X5ER7EYCkbRSp37QV+FCgflilt1FyDrxMtJBXI0B+WvfqhYGvEYmaTG9Dw3QT+jGgWTfFbqp4YnlE3oiPcsjWnEjZ8tzp2RC6uEZKi0rRjJQv09kdHImGkU2M6I4tisenPxP6+X4vDWz0ScpMhjtlw0TCVBRea/k1BozlBOLaFMC3srYWOqKUObUMmG4K2+vE7aV1Xvulp7qFXqjTyOIpzBOVyCBzdQhztoQgsYTOAZXuHNSZwX5935WLYWnHzmFP7A+fwBP2CPhw==</latexit>

L !
<latexit sha1_base64="SVPzWwOsfWC45L+iVKn5NgnX++8=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMdCLx6r2A9oQ9lstu3STTbsToQS+iO8eFDEq7/Hm//GbZuDtj4YeLw3w8y8IJHCoOt+O4WNza3tneJuaW//4PCofHzSNirVjLeYkkp3A2q4FDFvoUDJu4nmNAok7wSTxtzvPHFthIofcZpwP6KjWAwFo2ilzsOgr0KFg3LFrboLkHXi5aQCOZqD8lc/VCyNeIxMUmN6npugn1GNgkk+K/VTwxPKJnTEe5bGNOLGzxbnzsiFVUIyVNpWjGSh/p7IaGTMNApsZ0RxbFa9ufif10txeOtnIk5S5DFbLhqmkqAi899JKDRnKKeWUKaFvZWwMdWUoU2oZEPwVl9eJ+2rqnddrd3XKvVGHkcRzuAcLsGDG6jDHTShBQwm8Ayv8OYkzovz7nwsWwtOPnMKf+B8/gBInI+N</latexit>

R!



• 44% luminosity growth over solar lifetime

-  paleo-climate implications


•  8B neutrino flux is relatively contemporary 

-      


•  significant compositional gradients established over time

     -  over      108 years, all of the core’s C and 6% of its O is burned to N, via the CNO 

         cycle, prior to establishment of CNO equilibrium - drives early convection

     -  central core’s 4He mass fraction         increases from  0.27 to  0.64 over 4.6 b.y.

     -  a steep gradient in 3He is formed in the core region, increasing with radius, extending

         over an increasing fraction of the core as the Sun evolves

     -  slow diffusion of 4He and metals, towards the core, reflecting their smaller Z/A:

         has an observable effect on helioseismology


The model predicts today’s core temperature, Tc, which we can cross-check

<latexit sha1_base64="hO5h98itqVv1vrrC1dq5+FvpoJU="></latexit>

! (8B) ! ! 0 e! ! / ! 0 . "0 ! 0.9 b.y.

<latexit sha1_base64="6lYtGn/ZwhmhvqNBEAFgTnvN+Yo=">AAAB7HicbVBNSwMxEJ3Ur1q/qh69BIvgqeyKqMdCLx4ruG2hXUo2zbahSXZJskJZ+hu8eFDEqz/Im//GtN2Dtj4YeLw3w8y8KBXcWM/7RqWNza3tnfJuZW//4PCoenzSNkmmKQtoIhLdjYhhgisWWG4F66aaERkJ1okmzbnfeWLa8EQ92mnKQklGisecEuukoG+4xINqzat7C+B14hekBgVag+pXf5jQTDJlqSDG9HwvtWFOtOVUsFmlnxmWEjohI9ZzVBHJTJgvjp3hC6cMcZxoV8rihfp7IifSmKmMXKckdmxWvbn4n9fLbHwX5lylmWWKLhfFmcA2wfPP8ZBrRq2YOkKo5u5WTMdEE2pdPhUXgr/68jppX9X9m/r1w3Wt0SziKMMZnMMl+HALDbiHFgRAgcMzvMIbUugFvaOPZWsJFTOn8Afo8wd5+Y57</latexit>!
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c
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1. INTRODUCTION

In 1958, Holmgren & Johnston (1958, 1959) found that the cross section for3He + 4He !
7Be + ! 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 signiÞcant branches to the pp II and pp III cycles and, thus, signiÞcant
ßuxes of7Be and8B solar neutrinos. Despite the uncertainties that existed in 1958Ñthe solar core
temperature was poorly constrained by theory, and other nuclear physics important to the pp chain
had not been resolvedÑboth 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+ + " e, is below the 811-keV threshold for" e + 37Cl ! 37Ar + e" , most7Be and8B neutrinos
are sufÞciently energetic to drive this reaction. In 1962 Fowler organized a team of young Caltech
researchersÑJohn Bahcall, Icko Iben, and Dick SearsÑto 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-
niÞcant advances in the solar model and in the understanding of the nuclear physics of the pp chain
and the37Cl(" e, 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 sufÞciently 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 for37Cl 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 ! 10Ð5%

99.89% 0.11%

p + p !  2H + e+ + ! e

3He + 3He !  4He + 2p 3He + 4He !  7Be + "

(p, " )

(p, " )

(p, #)

(p, " )

$+

$+

3He + p !  4He + e+ + ! e

7Li + p !  2 4He

2H + p !  3He + "

p + eÐ + p !  2H + ! e

7Be + eÐ !  7Li + ! e
7Be + p !  8B + "

8B !  8Be + e+ + ! e

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 ÒtagÓ each
of the three branches, and the theoretical branching percentages deÞning the relative rates of competing reactions (GS98-SFII SSM).
Also shown is the minor branch3He + p ! 4He + e+ + " e, which generates the most energetic neutrinos. (b) The CN I cycle, which
produces the13N and 15O neutrinos.
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4p ! 4He + 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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37Cl (1968+)

This steep

temperature 

dependence 

of the 8B flux

led some to 
discount the 
solar neutrino 
problem

(1968+)



Several dozen solar-model “solutions” were suggested in the 1970s


Most strived to reduce the core temperature by 5%, thereby suppressing the 8B neutrino 
flux dominating the 37Cl rate


Some of the more interesting ideas focused on physics assumptions of the SSM


•   the homogeneity of the Sun: passage through a dust cloud, infall of planets

        

•   the Sun’s 1D character:  perhaps the earliest ida was that of Ezer and Cameron, of

    core mixing that would replenish core hydrogen  — thus both lowering the core

    temperature and reducing the long-term luminosity growth of the SSM


•   relaxing the assumption of hydrostatic equilibrium     


        “Solar Spoon,” Dilke and and Gough, Nature 240 (1972) 262
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3He is produced and 
consumed in the pp chain, 
acting as a catalyst

At a given radius/
temperature, there is a 
time required to reach 
equilibrium 

and an equilibrium 
abundance
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3He burns, 
volume becomes buoyant
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returns with more K.E.
Dilke and Gough found that
a sufficient gradient would
arise after                yrs of
normal solar burning

This over-stability was then
conjectured to drive mixing
of the core, forcing the
Sun out of equilibrium
for 2 My

Existence of the 
overstability was verified by 
several others, but whether 
it was capable of driving the 
mixing (rather than a finite 
amplitude oscillation) was
debated  
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Two empirical tests became available to test such conjectures


•   helioseismology


Mixing models like the solar spoon, while triggered by 3He,

would necessarily change the 4He profile as well, altering

the sound speed in a characteristic way

        

Christensen-Dalsgaard and Gough in 1976 first used individual 

modes to constrain the solar model:  data quality allowed

for both mixed (low-Y) and standard (high-Y) solutions


By 1983 data and inversion methods had improved to the point that only the high-Y 

solution was viable (Duvall and Harvey, Nature 302 (1983) 24)


Observational improvements —  BiSON, GONG, SoHO, SDO — ultimately yielding 


•   new neutrino experiments:  more especially, the Ga experiments
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The Ga Experiments


•  An international effort to realize a Ga experiment was organized in 1978, and included  

  BNL, IAS, MPI Heidelberg, Univ. Pennsylvania, and the Weizman Institute


•  Envisioned as a 50-ton experiment, cosponsored by the US DoE and MPI


•  A 1.3-ton pilot experiment was done at BNL, demonstrating quantitative extraction

  of the produced 71Ge from GaCl3


•  The efficient counting of 71Ge via its electron capture was demonstrated at MPI


•  Despite the endorsements of two high-level review panels, US funding never came,

   delaying this important experiment for 6-7 years


•  The effort was re-organized in Europe, with the necessary international agreements 

   for Ga procurement quickly going forward, leading to Gallex @ Gran Sasso


•   Parallel effort in the Soviet Union using Ga metal:  SAGE @ Baksan
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•  The experiment had the potential to distinguished between astrophysical and particle

   solutions to the solar neutrino problem:    a minimum astronomical counting rate


                                                                                    if no new weak physics


   corresponding to the Sun producing all of its energy through the ppI cycle (pp and pep

   neutrino only), assuming only steady-state burning


•  It combination with results from 37Cl and expected from Kamioka II, it was recognized

   that a Ga measurement would factor possible oscillation solutions into “islands” in

                          plane, later to be named the LMA, SMA, and LOW  solutions


•   The results from the Gallex/GNO and SAGE experiments proved near the minimum      
astronomical value


 


•   Further, when the Ga results were combined with those from  37Cl and Kamioka II:
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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

So two ÒobservablesÓ  
Ñ total flux, flux ratio Ñ
in great tension with 
any steady-state 
astrophysical solution



This set the stage for a new generation of large, direct-counting experiments with sensitivities 
to aspects of oscillations


SuperKamiokande SNOBorexino



In addition to Borexino’s impact on neutrino physics
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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 ßux 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 ± 1! . More details in text. From [ 1].

contribution, this ratio can be expressed as:

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

= 2 á
! (7Be)

! ( pp) ! ! (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 ßuxes determined experimentally can be used to
derive the total power generated by nuclear reactions in the SunÕs core [43]. Using the measured Borexino
ßuxes 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 ßuxes. Figure 8
shows the extracted Peeas 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, 0.862MeV) = 0.53±
0.05, Pee(pep, 1.44 MeV) =0.43± 0.11, Pee(8BHER, 8.1MeV) = 0.37± 0.08, Pee(8BHER! I , 7.4MeV) = 0.39± 0.09,
and
Pee(8BHER! I I , 9.7MeV) = 0.35± 0.09. For continuous neutrino spectra, i.e. for ppand 8B, the Peeis 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 ßux predictions.

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

28

vacuum dominated

matter dominated
|! µ ! " |m2! + |m3!
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In addition to Borexino’s impact on neutrino physics

Energy [MeV]
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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 ßux 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 ± 1! . More details in text. From [ 1].

contribution, this ratio can be expressed as:

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

= 2 á
! (7Be)

! ( pp) ! ! (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 ßuxes determined experimentally can be used to
derive the total power generated by nuclear reactions in the SunÕs core [43]. Using the measured Borexino
ßuxes 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 ßuxes. Figure 8
shows the extracted Peeas 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, 0.862MeV) = 0.53±
0.05, Pee(pep, 1.44 MeV) =0.43± 0.11, Pee(8BHER, 8.1MeV) = 0.37± 0.08, Pee(8BHER! I , 7.4MeV) = 0.39± 0.09,
and
Pee(8BHER! I I , 9.7MeV) = 0.35± 0.09. For continuous neutrino spectra, i.e. for ppand 8B, the Peeis 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 ßux predictions.

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

matter dominated
|! µ ! " |m2! + |m3!
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Borexino provided pioneering tests of two of the most important questions we can ask about 
our rather simple SSM, the foundation for our understanding of main-sequence stars


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

         — tests the assumption of steady-state nuclear burning

         — important to arguments that use this equivalent to constrain additional cooling 

              that might arise from BSM physics     


•   the assumption that the Sun was homogeneous when it formed  

         — tests our understanding of our early solar system and thus of evolving exoplanetary 

              systems generally 


The latter connected to  the “solar abundance problem”:   measurements of the Sun’s on the 
surface and in the core are not in good agreement
        —  the photosphere (with recent rexamination of photo-absorption lines) ➝ low  

        —  in the interior radiative zone (deduct through helioseismology) ➝ high    

        —  the answers differ by 25%
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Table 2: SSM neutrino ßuxes 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.

! ßux 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/cm 2s

p+e! +p ! 2H+ ! 1.44 1.44(1± 0.012) 1.47(1± 0.012) 1.46(1+0 .010
! 0.014) 108/cm 2s

7Be+e! ! 7Li+ ! 0.86 (90%) 5.00(1± 0.07) 4.56(1± 0.07) 4.82(1+0 .05
! 0.04) 109/cm 2s

0.38 (10%)

8B! 8Be+e+ + ! " 15 5.58(1± 0.14) 4.59(1± 0.14) 5.00(1± 0.03) 106/cm 2s

3He+p! 4He+e+ + ! 18.77 8.04(1± 0.30) 8.31(1± 0.30) Ñ 103/cm 2s

13N! 13C+e+ + ! 1.20 2.96(1± 0.14) 2.17(1± 0.14) # 6.7 108/cm 2s

15O! 15N+e+ + ! 1.73 2.23(1± 0.15) 1.56(1± 0.15) # 3.2 108/cm 2s

17F! 170+e+ + ! 1.74 5.52(1± 0.17) 3.40(1± 0.16) # 59. 106/cm 2s

" 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, T«ortola & 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

!
""#

""$

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

!
""#

""$

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

neutrino results sit roughly in between —  not accurate enough to decide the issue



Solar surface:  3D, convective

The changes came about because of more realistic modeling of the photosphere, 

not because the absorption line data changed


      — 1D  modeling, without statification, velocities, inhomogeneities


      — vs. 3D modeling:  MPI-Munich group argued that its approach was effectively 

           parameter-free, yielding better agreement in line shapes and line consistency


       




WH, Robertson, Serenelli 2013

A low-metallicity core generates discrepancies in interior helioseismology 



AA51CH02-Haxton ARI 10 July 2013 12:8

Table 1 Standard solar model characteristics are compared to helioseismic values, as determined

by Basu & Antia (1997, 2004)

Property a GS98-SFII AGSS09-SFII Solar

(Z/X)S 0.0229 0.0178 Ð

ZS 0.0170 0.0134 Ð

YS 0.2429 0.2319 0.2485 ± 0.0035

RCZ / R! 0.7124 0.7231 0.713 ± 0.001

"! c/ c# 0.0009 0.0037 0.0

ZC 0.0200 0.0159 Ð

YC 0.6333 0.6222 Ð

Zini 0.0187 0.0149 Ð

Yini 0.2724 0.2620 Ð

aX, Y, andZ are the mass fractions in H, He, and metals, respectively. The subscripts S, C, and ini denote current
photospheric, current core, and zero-age values, respectively.RCZ is the radius to the convective zone, and"! c/ c#is the
average fractional discrepancy in the sound speed, relative to helioseismic values.

Properties of two SSMs we use in this review are listed inTable 1 . The models differ in the
values assumed for the photospheric metallicityZS, with the GS98-SFII SSM being more metal
rich than the AGSS09-SFII SSM. The table gives the model photospheric heliumYS and metalZS

abundances, the radius of the convective zoneRCZ , the mean deviation of the sound speed"! c/ c#
from the helioseismic proÞle, the core helium and heavy element abundancesYC andZC, and the
SunÕs presolar abundancesYini andZini .

2.2. The Proton-Proton Chain and Carbon-Nitrogen Cycle

Approximately 80% of observed stars lie along a path in the Hertzsprung-Russell diagram char-
acterized by energy generation through proton burning. The Sun provides a unique opportunity
to test our understanding of main-sequence stars, as we can compare model predictions to solar
properties that are precisely known. This has inspired a great deal of laboratory work to reduce
uncertainties in atomic opacities and nuclear cross sectionsÑkey SSM input parametersÑso that
we can assess the reliability of the more fundamental solar physics and weak interactions aspects
of the model.

In lower mass hydrogen-burning stars,4He is synthesized primarily through the pp-chain
nuclear reactions shown inFigure 1 a. The rates of the pp I, pp II, and pp III cycles comprising
the pp chain can be determined from the ßuxes of the pp/pep,7Be, and8B neutrinos produced
by those cycles. As the relative rates are very sensitive toTC, the neutrino ßuxes are a sensitive
thermometer for the solar core, provided the associated nuclear physics is under control.

Rates depend on the quantity"" v #MB , where v is the relative velocity between two colliding
nuclei, " is the cross section, and" #MB denotes an average over the Maxwell-Boltzmann relative
velocity distribution in the solar plasma. The optimal energy for a solar reaction, called the
Gamow peak, is determined from the competition between a cross section that rises rapidly as
the energy climbs the Coulomb barrier and a relative-velocity distribution that declines rapidly
on the Maxwell-Boltzmann tail. Two pp IÐcycle reactions, d+ p and 3He + 3He, have been
measured in their Gamow peaks. Data were obtained down to 2.5 and 16 keV, respectively,
at LUNA (Laboratory for Underground Nuclear Astrophysics), Gran SassoÕs low-background
facility for nuclear astrophysics (Bonetti et al. 1999, Broggini et al. 2010). For other pp-chain
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and in the convective zone:

helioseismology creates tension in a low-Z SSM




The abundance extraction as well as the tension with helioseismology, however, are 
coupled to other SSM uncertainties

      — variations in abundances are degenerate with variations in atomic opacity

           profiles  (Villante and Serenelli, arXiv:2004.06365, 5th Int. Solar Neutrino Conference)

       —  one needs additional observables to break this degeneracy


This has been underscored in a recent re-examination of the photospheric results

 (E. Magg et al., A&A 661, A140 (2022))  that combined

      — new observational data

      — non-equilibrium modeling of the photosphere

      — new oscillator parameters affecting opacities

      — new O, Ne abundances

leading to a revised photospheric abundance of Z/X=0.0225, much closer to older values


 

My perspective

       — this question is fundamental to the SSM, and needs to be addressed experimentally   
       — the real question is whether we can verify the SSM assumption of an initially
            homogeneous Sun              



Do we have a convincing argument (e.g., Hayashi phase mixing) that the Sun formed from 
the collapse of a homogeneous gas cloud?


Perhaps not, as a lot happened after the Hayashi phase

            



Figure 5: Elemental abundances measured in the tropospheres of Jupiter (cir-
cles) and Saturn (squares) in units of their abundances in the protosolar nebula.
The elemental abundances for Jupiter are derived from the insitu measurements
of the Galileo probe (e.g. Maha! y et al. 2000; Atreya et al. 2003). Note that the
oxygen abundance is considered to be a minimum value due to meteorological
e! ects (Roos-Serote et al. 2004). The abundances for Saturnare spectroscopic
determination (Atreya et al. 2003 and references therein). The solar or pro-
tosolar abundances used as a reference are from Lodders (2003). The arrows
show how abundances are a! ected by changing the reference protosolar abun-
dances from those of Anders & Grevesse (1989) to those of Lodders (2003).
The horizontal dotted lines indicate the locus of a uniform 2- and 4-times solar
enrichment in all elements except helium and neon, respectively.
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Galileo data, from Guillot  AREPS 2005

consequence of planetary formation in a chemically evolved disk over !  1 m.y. time scale

metal enrichments of the gaseous giants

Enrichments

of 4-8 of C,N 


relative to solar 

in the 


gaseous giants



Cartoon picture of metal segregation, accretion 

!  5% of nebular gas

Dullemond and Monnier,  ARA&A 2010



Jupiter’s composition is consistent with a scenario where 2/3rds of the H/He that initially 
“belonged” to Jupiter was lost to the Sun  (Guillot & Hueso  (2006), Nordlund, arXiv:0908.3479 )


We see evidence of this today in young solar-like systems

•  Using Gaia observations, an analysis of the inner disks of 26 T Tauri stars found very 

large depletion of carbon in the accreting gas, with the carbon content of the gas phase 
reduced to below 2.5% of its initial value, in some cases

                                                            (McClure, A&A 632, A32 (2019))


• Consistent with theory: in dynamical models of the disappearance of elements from the 
gas phase, molecular species such as CO and CH4 always depleted


                                                                (Booth and Ilie, MNRAS, 2019)




One can reasonably conclude that in the late stages of solar formation

      — some 50-90 earth masses of metal was scrubbed from the gas cloud

      — the depleted H/He gas remains in the solar system, accreting onto the Sun


A more difficult question to answer: did this appreciably affect solar structure?

      — possibly yes if that gas were deposited when the Sun had a modern convective zone

      — no if were accreted earlier, when the evolving convective zone contained much more

           than 2% of the solar mass


One of BorexinoÕs last achievements was to demonstrate that the SunÕs core metallicity 
could be measured directly, free of other SSM uncertainties like opacities

Ð 7 Ð

mass. Consequently, over a signiÞcant 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 (Pe÷na-Garay & Serenelli 2008) Ð which employs values forZ and

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

generation of 0.8% but substantial ßuxes 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 reßect conservative abundance uncertainties as deÞned empirically in

Bahcall & Serenelli (2005). The Þrst reaction is part of the path from12C to 14N, while the

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

95% of the ßux 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 ßux 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 ßux of these

neutrinos appears too small to allow a test of the SunÕs 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

signiÞcant mass loss or accretion. The homogeneity assumption allows the primordial core



The remaining uncertainty arising in the evaluation of equa-
tion (7) is the nuclear factor, which, given that the expression
involves both the14N and8B ßuxes, depends on a combination of
p-p chain and CN cycleS-factors. One can see from Tables 1Y4
that the uncertainties are dominated byS17, S34 (which controls
thep-p chain branching to the PPII and PPIII cycles), andS114.
One of the reasons that the CN neutrino ßuxes are potentially a
quantitative probe of the SunÕs primordial C and N is recent im-
provements particularly in determinations of the last twoS-factors.

The traditional SSM value forS34 is based on the evaluation
by Adelberger et al. (1998), 0.53! 0.05 keV barns. The rela-
tively large error bar on the recommended value reßected apparent
systematic disagreements between experiments detecting prompt
! -rays and counting the7Be activity. Since this evaluation, new
high-statistics measurements have been made by a Weizmann
Institute group (Nara Singh et al. 2004, an activity measurement),
by the LUNA collaboration (Confortola et al. 2007, a combina-
tion of prompt! -ray and activity measurements, as well as Gyu¬rky
et al. 2007, an activity measurement), and by the Seattle group
(Brown et al. 2007, an activity measurement). If these data are
extrapolated to threshold with the same theoretical Þtting func-
tion, one Þnds values ofS(0) of 0.546! 0.020, 0.560! 0.017,
0.545! 0.017, and 0.595! 0.018 keV barns, respectively. The
spread of these results is somewhat larger than would be expected
on the basis of the uncertainties. They have been combined by
K. Snover (2008, private communication) in a way that takes
into account this spread by inßating the errors according to the
associated" 2, while also accounting for possible correlations

between the LUNA activity and total results (Gyu¬rky et al. 2007;
Confortola et al. 2007). The result is 0.564! 0.020 keV barns.
There is an additional theoretical uncertainty associated with the
theoretical Þtting function used to extrapolate these data to thresh-
old to obtainS(0). As discussed by Brown et al. (2007), this var-
iation is generally at the few-percent level, although it can reach
higher values if Þts are required to reproduce higher energy
data. The procedure we followed is based on the LUNA groupÕs
work on its activation data (Gyu¬rky et al. 2007), in which three
theoretical models (Kajino & Arima 1984; Cso«to«& Langanke
2000; Descouvemont et al. 2004) were used to derive an extra-
polated zero-energy result. The resulting best values forS(0) have
a range of! 0.019 keV barns, or! 3.4%. Thus, we adopt 3.4%
as a theoretical extrapolation uncertainty, which we combine in
quadrature with the Snover recommendation to obtain a Þnal
result of 0.564! 0.028. This corresponds to a 4.9% uncertainty,
which can be compared with the 9.4% uncertainty recommended
in the Adelberger et al. (1998) evaluation.

The most important nuclear physics uncertainty in the analysis
isS(0) for14N( p, ! ), a reaction that has been the subject of recent
intense study. TheS114-value and the 8.4% uncertainty adopted
in Bahcall et al. (2006), 1.69! 0.14 keV barns, were obtained
by combining the LUNA results of Formicola et al. (2004), 1.7!
0.2 keV barns (determined from data taken at or above center-of-
mass energies of 140 keV), with the TUNL results of Runkle
et al. (2005), 1.68! 0.09 (stat)! 0.16 (sys) keV barns. Sub-
sequently, a series of measurements have been carried out at
LUNA in which the cross section was measured to center-of-mass

Fig. 3.ÑResults from a Monte Carlo simulation of the SSM in which the 11 environmental parameters (see text) were varied. The two left panels show the cor-
relations between the8B ßux and the two CN-cycle neutrino ßuxes13N and15O. The slopes of the correlations are given in the plots, together with the 68.3% conÞdence
level contours. In the right panels we show the residuals from the Þts, 2.8% and 2.6% for the13N and15O ßuxes, respectively, which determine the residual environmental
uncertainty in eqs. (9) and (13), respectively. [See the electronic edition of the Journal for a colorversion of this Þgure.]
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dependence of the CN neutrino ßux on the abundance of C+N can be exploited to

relate solar neutrino measurements to the SunÕs 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 SSMÕs logarithmic derivatives described in

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

other than the nuclear cross sections Ð includingL ! , 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 ßuxes that is

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

our expression relates contemporary neutrino ßux 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 signiÞcant nonnuclear solar uncertainty.

Equation (37) is written for instantaneous ßuxes, 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 ßux comparison of

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

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

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

From the         and       neutrino fluxes, one c 
extract the core metallicity with virtually

no dependence on solar model parameters


This uses the        flux as a thermometer: by taking

this ratio, we can remove the solar-model Tc

dependence
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       Borexino’s final results were announced just this past summer, exploiting their Correlated 
Integrated Directionality method  (D. Basilico et al., arXiv:2307.14636)


in good agreement with the high-Z SSM, and in 2   tension with the low-Z SSM


I would stress:  this is about much more than adjudicating a SSM dispute


•   the most pristine sample of the primordial gas cloud is that isolated in the Sun’s center:    

    this gas was chemically sequestered from its environment earlier than any other


•   Borexino’s measurement directly determines the Z of that gas, in principle subject only to

    minor metal diffusion uncertainties
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Gallex, Borexino, and the Solar Luminosity Constraint


A second fundamental assumption of the SSM is that the Sun burns in hydrostatic 
equilibrium, deriving its energy from H burning


This implies an equivalence between the Sun’ weak and electromagnetic luminosities


giving us an experimental test of this fundamental SSM assumption


The fractional error on the RHS of this relation is 

But on the right it is almost 0.1  


!

i

! !
i

"
1 ! 2

"Ei #
E4p! 4 He

#
=

2L "

4! R2
earth # Sun E4p! 4 He
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Two neutrinos produced per He nucleus synthesizedEnergy carried off by neutrinos

Neutrino fluxes:  i = pp, pep, 7Be, 8B, hep, CNO F. Vissani, World Scientific, Solar Neutrinos, pp 121-141 (2019)
D. Vescovi et al., J. Phys. G 48, 015201 (2021)

! L ! /L ! ! 0.004
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While the error budget includes uncertainties in neutrino mixing, in ppII and ppIII fluxes, 
etc.,  90% comes from uncertainties in the pp and pep fluxes


These are the fluxes that tell us the rate at which protons are being consumed


What we know about these fluxes comes entirely from the (combined) Ga and Borexino 
experiments


but the 12% uncertainty is limiting


More is needed:  until our field measures

this flux to 1% (the uncertainty defined by

the precision of the p+p S-factor) we will 

not be done with solar neutrinos
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(6.1 ± 0.5+0 .3
! 0.5) ! 1010/ cm2s Agostini et al., Nature 562 (2018) 505
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(6.0 ± 0.8) ! 1010/ cm2s Abdurashitov et al., PRC 80 (2009) 015807

± 1% on! Be would make a negligible improvement on
tan2 " 12 and a! pp result< ± 3% is required to improve
the error by more than 15%. The authorsÕ conclusions
on any improvements to be expected on sin2" 13 are
similar.

3. Detector

3.1. Requirements

There are stringent requirements placed on any de-
tector designed to achieve these goals. In order to be
sensitive to all active neutrino ßavors, the detection re-
action is that of the elastic scattering from atomic elec-
trons (ES) in the target:#e,µ,$+ e! " #e,µ,$ + e! . The
ES event signature is the occurrence of only a single,
low energy recoiling electron in the detector medium.
The recoil spectra are continuous from zero with the
pp decreasing monotonically to a maximum energy of
261keV while the7Be spectrum is nearly ßat up to
664keV maximum (see points labeled input in Fig. 4).
These recoil spectra place a premium on achieving as
low an energy threshold as possible. The most danger-
ous backgrounds are those which can be created by
the appearance of electrons from Compton recoils of
gamma rays or radioactive decays within the medium
of the target. These backgrounds need to be mitigated
by a combination of event signatures, use of low activ-
ity materials, depth and shielding. In order to achieve
the desired few-percent precision, very large statistics
event samples are required and systematic errors arising
from effects due to analysis cuts (e.g., Þducial volume,
thresholds, pp and7Be event separation, calibrations)
must be minimized. Although these details emphasize
the challenges to be faced in constructing an operat-
ing detector, there are two mitigating factors: the ES
cross-section is very precisely known due to experiment
and electro-weak theory and the expected ßuxes are
high (! pp = 5.99# 1010 and! Be = 4.84# 109cm! 2s! 1

[11]). Typically, this will result in an ES event rate of$
2eventsátonne-day! 1 which implies that only a modest-
size Þducial volume (e.g.,$ 10tonne) is needed for a
high statistics experiment.

3.2. HERON conÞguration and detection processes.

The detector design is shown in (Fig. 1) and its de-
sign is discussed in more detail in Ref. [1,34,35] . The
general approach of HERON to these issues is as fol-
lows. The target material chosen is4He in the superßuid
state (density 0.145 g/cc) which has several beneÞcial

Fiducial volume

Fig. 1. The geometry of the HERON detector design, all dimensions
are in centimeters.

properties. Energy deposited in the helium by recoiling
particles can be detected by one or all of three pro-
cesses: scintillation, phonons/rotons or collecting the
recoil electron trapped in a bubble. Helium has no long-
lived isotopes but more importantly it can be made ab-
solutely free of all other atomic species. At superßuid
temperatures it is self-cleaning of impurities due to their
high mobility and favorable energy minimum at the con-
tainer walls. Even particulate matter quickly attaches to
the container walls at our operating temperature of$
30Ð50mK. Since the bulk helium volume will be free
of background sources, the concern is to counter ra-
diation entering from the cryostat (27.3 tonne copper)
and its environment. In a separate study environmen-
tal sources were modeled with the detector cryostat ac-
tively shielded externally by 3.5m of water at a rock
overburden of 4500 meter-water-equiv. (m.w.e.). He-
lium is virtually immune to creation of long-lived cos-
mogenic muon activity, capture or decay in it; muons
(4m! 2day! 1 at 4500 m.w.e.) are vetoed externally and
internally in any case and greater depth is possible.
This was sufÞcient shielding against environmental neu-
trons, cosmic muons and gammas that, for purposes of
the analysis simulation under consideration here, they
would be negligible relative to sources from the cryostat
and other detector parts. As a consequence the back-
ground issue reduces to controlling conversions of gam-
mas entering the helium volume of 21.6 and 8 tonnes to-
tal and Þducial, respectively. However, helium does not
have good self-shielding properties and this is partially
compensated for by lining the cryostat with a moderator
of solid nitrogen enclosed in acrylic cells (5.6T acrylic

4

proposed HERON superfluid helium detector



In Conclusion

• Sincere congratulations to the Gallex and Borexino collaborations for helping make solar

   neutrino physics into one of the great discovery stories of modern physics


• Thanks to Gran Sasso, for the consistent support it has provided to enable this success


• And thanks to my many friends in experiment and theory who have always made it such 
pleasure to work on solar neutrinos:  their enthusiasm for the field and camaraderie have 
been and continue to be special



