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•  Some nuclear physics of ν production and detection
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•  

•  Simplest possible model might be a radiating blackbody

•  Suggests a 1D path in the            plane following the parameter 

•  HR diagram dominated by one such path corresponding to the 80% of
   “main sequence” stars powered by H burning

                                pp chain, CNO cycle

•  Sun is a test case of our understanding of main-sequence evolution:
   know L, R, surface composition, γ and ν luminosity, helioseismology 
   

Hertzsprung-Russell diagram

L ∼ 10−4 − 106L" and T ∼ 2000− 50000K

L = 4πR2σT 4
s ⇒ L

L" = (
R

R!
)2(

Ts

T!
)4

(L, Ts) R/R!
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•  Origin of solar neutrino physics: desire to test a rather simple model
   of low-mass, main-sequence stellar evolution
       ◊ local hydrostatic equilibrium: gas pressure gradient counteracting
           gravitational force
       ◊ hydrogen burning, dominated by the pp chain
       ◊ energy transport by radiation (interior) and convection (envelope)
       ◊ boundary conditions: today’s mass, radius, luminosity; the ZAMS 
           abundance ratios H:He:Z needed

•  The implementation of this physics requires
       ◊ electron gas EOS, which under solar conditions is quite close to
           that of an ideal gas
       ◊ low-energy S-factors for the pp chain and CN-cycle
       ◊ an understanding of solar metalicity: the opacity is dominated
           by free-bound transitions
       ◊ some means of fixing the composition at ZAMS

The Standard Solar Model
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•  Atoms in the interior of the sun are almost entirely ionized

•  Charges are free: electrons can adjust to fields to screen reactions

•  Electron momenta are large compared to inverse Bohr radius

•  Center-of-mass energies of colliding ions are small compared to
   the height of Coulomb barriers

   so reactions require tunneling and are correspondingly exponentially
   suppressed (Gamow first pointed out that QM would then allow
   stellar nuclear reactions) 

Nuclear and weak reactions in a plasma: basic observations

p ∼
√
2meE ∼ 45 keV >> 1/ao a0 ∼ 0.53A

3He +3 He ⇒ α
Z1Z2

rnuclear
∼ 1

137

4

10 f
197 MeV f ∼ 575 keV

3
2
kT ∼ 2 keV >> 13.6 eV
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Simple conclusions follow from such dimensional arguments

plasma electron

bare nucleus bound electron

plasma electron

bare nucleusbound electron

free-bound
transition

bound-free
transition

what are the important nuclei for these 
processes

 (which dominate the opacity/transport)?
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Simple conclusions follow from such dimensional arguments

plasma electron

bare nucleus bound electron

plasma electron

bare nucleusbound electron

free-bound
transition

bound-free
transition

pe ∼ 45 keV pγ ∼ ωγ ∼ 2 keV

〈pbound〉 ∼ 45 keV
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Simple conclusions follow from such dimensional arguments

plasma electron

bare nucleus bound electron

plasma electron

bare nucleusbound electron

free-bound
transition

bound-free
transition

pe ∼ 45 keV pγ ∼ ωγ ∼ 2 keV

〈pbound〉 ∼ 45 keV

⇒ 1/anucleus ∼ Z/a0 ∼ Z/0.53A(1.97 keV A) ∼ 45 keV ⇒ Z ∼ 12

metals such as Fe, O, Ne play a major role in the opacity
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One can do more: envision a numerical model of the Sun

•  Equation of state: relationship between p, ρ, T
       ◊ dilute electron gas, well described by an ideal gas EOS
       ◊ corrections one could envision include very small adjustments to
           account for incomplete ionization, relativity 

•  Energy transport
       ◊ radiative or convective?
       ◊ radiative over 98% of the sun by mass (70% by radius)
       ◊ radiative transport: cross sections by which photons scattered,
           or are absorbed/emitted
       ◊ thus some means of fixing the composition at ZAMS -- which
           then evolves in the core as nuclear fusion proceeds

•  Dimensionality/initial conditions
       ◊ calculations generally done in 1D

•  Energy production by nuclear reactions: critically dependent on T

(δc ∼ 0.002c)
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Historically νs provided the motivation to build such a model

•  In 1956 Cowan and Reines succeeding in measuring reactor 

•  10 years earlier Pontecorvo had discussed another possibility
      

•          is a major isotope of chlorine (24%), available within organic fluids
   such as           , and argon is a noble gas, a few atoms of which can be
   purged from large volumes of organic fluid

•  Alvarez carefully studied associated background issues in 1949, and
   considered a reactor experiment, but did not pursue the idea, as he
   anticipated that 

ν̄es

ν̄e + p → n+ e+ ⇒ pair produce

n+108 Cd →109 Cd →109 Cd + γ

νe +
37Cl → 37Ar + e−

then e−1s +
37Ar → 37Cl + νe, τ1/2 ∼ 35 d

37Cl
C2Cl4

ν̄reactore ⊥ νe
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•  Pontecorvo had dismissed the Sun as a solar neutrino source because
   of the ν energy: the Cl; reaction threshold is 810 keV, while  

•  but in the early 1950s Davis began to develop the Cl detector, placing
   a 3800 liter tank 19 feet below ground at Brookhaven, establishing a
   limit of 40,000 SNU on the flux of CNO neutrinos from the Sun

p+ p → 2H+ e+ + νe

2H+ p → 3He + γ

3He + 3He → 4He + 2p

Emax
ν ∼ 420 keV

Referee:  “Any experiment such as this, which does not have the requisite sensitivity, 
really has no bearing on the question of the existence of neutrinos.  To illustrate my 
point, one would not write a scientific paper describing an experiment in which an 
experimenter stood on a mountain and reached for the moon, and concluded that 
the moon was more than 8 feet from the top of the mountain”
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The factor S(E), defined by this equation is referred to as the astrophysical 
S-factor, and

For charged-particle induced reactions, the cross section can be expressed as:

CROSS SECTION AND ASTROPHYSICAL SCROSS SECTION AND ASTROPHYSICAL S--FACTORFACTOR
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3He(!,")7Be

Logarithmic scale:
a few orders of 
magnitude !

Only nuclear effects
(no Coulomb)

Linear scale

“Easier” extrapolation !

But attention:

electron screening effect, 

subthreshold resonances …

is the Sommerfeld parameter, Z1 and Z2 are the charge numbers of the 
interacting nuclei, h is the reduced Planck constant

How to extrapolate 
to astrophysical 
energies?

But two details changed the game

In1959 Holmgren & Johnston 
measured the cross section 
for 3He(α,γ)7Be, finding it
was ∼1000 times larger than 
expected

This reaction opens two new 
pathways for the Sun to 
synthesize He, both 
producing νs sufficiently 
energetic to excite Cl 
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ppI ppII ppIII
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ppI ppII ppIII
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Eν ∼ 861 keV Eν ≤ 15 MeV
∼ T−1.1 ∼ T 10 ∼ T 22
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•  Holmgen/Johnston: ppII and ppIII fluxes opened up the possibility that a
   deeper, larger version of the Davis’s experiment could see solar νs
          ◊ Davis estimated that, were the ppIII cycle dominant, an
              experiment similar to that at BNL would record 7 events/day

•  The very different T-dependences of the ppI, ppII, and ppIII cycles
   became a critical attribute of the standard solar model (SSM)

•  1962: a quantitative model of the Sun, capable of predicting Tcore at the 
    % level -- would be needed to predict the Cl counting rate 
          ◊ Willy Fowler brought Iben, Sears, Bahcall together at Caltech
              to build such a model, and to make the first flux predictions

•  For the next 40 years:  neutrino fluxes became a tool to
         ◊ determine Tcore at 1%, and thus precisely test the SSM
         ◊ look for deviations for the SSM T-dependence, as a signature
             of new physics
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•  The solar fusion reactor is a cold one, producing the required energy
   only because of the core’s enormous mass
         ◊ the rate of energy production, averaged over the solar core,
             is ∼ 15 W/m3  -- comparable to a bike light
 
•  Most pp-chain cross
   sections needed at 
   energies where they 
   cannot be directly 
   measured   

The most difficult challenge in the SSM is the solar microphysics

PH217: Aug-Dec 2003 2

−30 MeV

Z 1 Z 2

MeV

E

V(r)

r

r0
~ 1.44 A 1/3 fm

Tunnelling through coulomb barrier
for nuclear fusion

Figure 1: Sketch of the potential as a function of distance r between two fusing
nuclei. Nuclear attraction dominates for r < r0, and repulsive Coulomb barrier
dominates at r > r0. Here A is the mass number of the nucleus. A particle of
energy E lower than the Coulomb barrier must tunnel through the barrier for
fusion to be accomplished.

which one stage of burning takes place is not sufficient to ignite the sub-
sequent stage. Once a burning stage is over, the stellar core must contract
and raise the temperature further to ignite the next stage.

The first major nuclear burning stage in a star results in the fusion of 4
Hydrogen nuclei into a Helium nucleus. This is also the reaction which
releases maximum amount of energy per unit mass, nearly 7 MeV out of
938 MeV for each nucleon (see fig. 2). This phase, therefore, lasts the longest
and represents the “Main Sequence”. The reactions involved in Hydrogen
burning are as follows. At relatively low temperatures (T < 1.5 × 107 K)

Figure 3: Sketch of the potential as a function of the distance r between two fusing nuclei.
The strong force dominates for r less than r0, roughly the nuclear radius ∼ 1.44 A1/3, with
A the mass number. If the center-of-mass energy is below the Coulomb barrier, the reaction
must proceed by tunneling, and is exponentially suppressed.

12
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r =
N1N2

1 + δ12

∫
d"v1d"v2

( m1

2πkT

)3/2
e−

m1v2
1

2kT

( m2

2πkT

)3/2
e−

m2v2
2

2kT σ12(|"v1 − "v2|)|("v1 − "v2|)

=
N1N2

1 + δ12

( µ

2πkT

)3/2
∫

d#ve−µv2/2kTσ12(v)v

(The relative velocity distribution in a Maxwellian gas is a Maxwell
distribution in the reduced mass)

=
N1N2

1 + δ12

√
8

πµ

(
1

kT

)3/2 ∫ ∞

0
EdEe−E/kTσ12(E)

Remove the rapidly varying point-charge s-wave Coulomb behavior

σ12(E) ≡ 1

E
e−2παZ1Z2

√
µ/2ES(E) ⇒

r =
N1N2

1 + δ12

√
8

πµ

(
1

kT

)3/2 ∫ ∞

0
dEe−(E/kT+2παZ1Z2

√
µ/2E)S(E)

≡ f(E)
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STELLAR ENERGIES: THE GAMOW PEAKSTELLAR ENERGIES: THE GAMOW PEAK

The integrand has a maximum at the Gamow peak centered at an 

energy E0 with a width !E0 given by:

p + p E0 = 5.9 keV !E0 = 5.6 keV

p + 14N E0 = 26.5 keV !E0 = 13.5 keV

"+ 12C E0 = 56 keV !E0 = 19.6 keV

T6 = 15 (sun)

E0 and !E0 depend on: nuclei charges, masses and temperature

How to evaluate the integral?

Figure 5: The relative velocity distribution in a stellar gas drops rapidly with increasing
energy, while cross sections generally rise rapidly because higher energies help in overcoming
the exponential suppression due to the Colomb barrier. Thus the most probably energy
for a reaction involves a compromise between these two effects, and favor energies on the
high-energy tail of the Boltzmann velocity distribution.

17

e−f(E)
Gamow peak

Gamow window

f(E) = f(E0) + f ′(E0)(E − E0) +
1

2
f ′′(E0)(E − E0)

2 + ...
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Gamow energy :
E0

kT
=

(
παZ1Z2√

2

)2/3 (µc2

kT

)1/3

r =
N1N2

1 + δ12
(7.2 · 10−19cm3/s)

A1 +A2

A1A2Z1Z2

S(E0)

keV b
e−3E0/kT

(
3E0

kT

)2

Solar modeler:   the ion number densities Ni(r) and T(r) 
Lab nuclear astrophysicist: S(E0)

Future:  Next-generation nuclear astrophysics deep underground

LUNA Laboratory for Underground Nuclear Astrophysics

Study of the cross section of nuclear reactions at stellar 
energies

in particular for pp chain             2 accelerators: 50kV - 400kV
400 kV accelerator
14N(p, )15O (CNO cycle)

50 kV accelerator
3He(3He,2p)4He - D(p, )3He

Collab.:
Italy, Germany, Hungary

Portugal

p + p d + e+ + e

d + p 3He +

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

7Be+e- 7Li + + e
7Be + p 8B +

7Li + p 8B 2 + e++ e

84.7 % 13.8 %

13.78 % 0.02 %

pp chain

done in 2003

Following LUNA:  DUSEL-NAG
- high-intensity light ion machine, or
- high-intensity,  !1 MeV/amu heavy ion
  accelerator for inverse kinematic
- advanced detectors: recoil separation,
  4"  Si strip,  high-E !-tracking

JINA:   http://www.jinaweb.org/dusel/

Future:  Next-generation nuclear astrophysics deep underground

Following LUNA:  DUSEL-NAG
- high-intensity light ion machine, or
- high-intensity,  !1 MeV/amu heavy ion
  accelerator for inverse kinematic
- advanced detectors: recoil separation,
  4"  Si strip,  high-E !-tracking

JINA:   http://www.jinaweb.org/dusel/
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The factor S(E), defined by this equation is referred to as the astrophysical 
S-factor, and

For charged-particle induced reactions, the cross section can be expressed as:

CROSS SECTION AND ASTROPHYSICAL SCROSS SECTION AND ASTROPHYSICAL S--FACTORFACTOR
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Logarithmic scale:
a few orders of 
magnitude !

Only nuclear effects
(no Coulomb)

Linear scale

“Easier” extrapolation !

But attention:

electron screening effect, 

subthreshold resonances …

is the Sommerfeld parameter, Z1 and Z2 are the charge numbers of the 
interacting nuclei, h is the reduced Planck constant

How to extrapolate 
to astrophysical 
energies?

HJ cross section again,
showing the advantages
of the S-factor:

much easier 
extrapolation to solar
energies ∼ 0.02 MeV
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Thursday, July 29, 2010

Modern LUNA measurement of S(3He+3He) down to Gamow 
energy of 16 keV:   Even then a nontrivial problem remains, correcting
the terrestrial cross section for screening, to obtain bare ion S 

theory tells us the 
form of the 

screening potential, 
but not the value of 

the low-energy 
parameter (the 

adiabatic screening 
potential)
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– 2 –

Fig. 1.— Some of the principal events in the early development of the solar neutrino problem. The
experimental upper limit is indicated by the think black curve and the range of theoretical values by
the cross-hatched region. The units are captures per target atom per second (10−36 capture/target
atom/s = 1 SNU). (Viewgraph: R. Davis jr., circa 1971.)

that the principal neutrino absorption cross section on chlorine was twenty times larger than
previously calculated due to a super-allowed nuclear transition to an excited state of argon.

If you have a good idea today, it likely will require many committees, many years, and
many people in order to get the project from concept to observation. The situation was
very different in 1964. Once the decision to go ahead was made, a very small team designed
and built the experiment; the entire team consisted of Ray, Don Harmer (on leave from
Georgia Tech), and John Galvin (a technician who worked part-time on the experiment).
Kenneth Hoffman, a (then) young engineer provided expert advice on technical questions.
The money came out of the chemistry budget at Brookhaven National Laboratory. Neither
of us remember a formal proposal ever being written to a funding agency. The total capital
expenditure to excavate the cavity in the Homestake Gold Mine in South Dakota, to build
the tank, and to purchase the liquid was 0.6 million dollars (in 1965 dollars).

During the period 1964-1967, Fred Reines and his group worked on three solar neutrino
experiments in which recoil electrons produced by neutrino interactions would be detected
by observing the associated light in an organic scintillator. Two of the experiments, which
exploited the elastic scattering of neutrinos by electrons, were actually performed and led
to a (higher-than-predicted) upper limit on the 8B solar neutrino flux. The third exper-

Early days:  Caltech’s Bahcall, Iben, and Sears in summer 1962 
developed a model to estimate the central temperature of the sun -- 
despite large uncertainties, ppIII cycle was not dominant

Davis’s sketch: the Cl experiment’s “reach” vs solar model predictions
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Cl detector cross section (the second detail)

•  Most neutrino detection experiments involve nuclear targets

•  Precise experiments require a precise understanding of the nuclear
   response, which is seldom simple

  threshold   ➙  quasielastic  ➙  resonance production  ➙  deep inelastic

•  With solar neutrinos, one is better positioned than in most other
   cases (e.g., compared to the LB program today) 

    so the only operators that can be constructed are extensive:      

νe

e−

n

p
p2

M2
∼ 0.01

(qR)2 ∼ (
10 MeV 1.2A1/3f

197 MeV f
)2 < 0.01

!σ, τ±
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σ ∼ G2
F cos θc

2

[
g2A|〈Jf ||

A∑

i=1

σ(i)τ+(i)||Ji〉|2 + |〈Jf ||
A∑

i=1

τ+(i)||Ji〉|2
]

What Bahcall and Davis knew - what they based their ν absorption
cross section on - was

                       
Summer 63 @ Bahcall seminar at the Niels Bohr Institute, Mottelson
asked “what about the excited states [in Ar]?”

e−1s +
37Ar → 37Cl + νe

∑

f

|〈JfTfMTf = −1/2||
A∑

i=1

σ(i)τ+(i)||JiTi = 3/2MTi = −3/2〉|2 ∼ 3(N − Z)

∑

f

|〈Jf ||
A∑

i=1

τ+(i)||Ji〉|2 ∼ |〈JiTi = 3/2MTf = −1/2||T+||JiTi = 3/2MTi = −3/2〉|2 ∼ (N − Z)

37Cl

35 days 37Ar

(17p,20n) T=3/2 MT=-3/2

(18p,19n) T=1/2 MT=-1/2
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many 1/2+,3/2+,5/2+ 
GT states

analog state

Isospin a good approximate 
symmetry in nuclei, broken at 
the few % level by Coulomb 
effects, pion mass (current 
quark mass) differences, etc.

Bahcall built a model, of the F 
and GT transitions, found a
cross section 20 times larger 
than before

A 100,000-gallon, deep Cl
experiment might see solar νs

JNB recognized that there was an experimental test of the predicted 
cross section increase, the isospin mirror decay 

37Ca(20p, 17n) → 37K(19p, 18n) + e+ + νe
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(N,Z):         (20,17)             (19,18)                    (18,19)            (17,20)

37Ca → e
+ + νe +37 K

νe +37 Cl → e
− +37 Ar

isospin invariance:
        Ca beta decay tests same weak rates that govern neutrino absorption in Cl
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•           was produced and found 
   to decay rapidly

•  strong, nuclear-physics-independent 
   Fermi transition meant that the
   Cl experiment would be primarily 
   sensitive to 
      
•  the mirror isospin symmetry was 
   further exploited to measure the 
   full set of nuclear-physics-dependent 
   GT transitions

•  for two decades errors in the 
   analysis of this experiment went 
   undiscovered -- errors that 
   fortunately largely cancelled

37Ca

8B νs (∝ T 22)

Alexis Schubert 4 Neutrino Capture Cross Sections

37Ca !-decay
• Sextro et al. [5] measured spectrum

of delayed protons from decays of
some excited states of 37K

• Assumed decays to ground state
of 36Ar

• ft value of ground state studied with
mirror reaction

• 37Ar(EC)37Cl

• ft value of first excited state
determined from branching ratios
and 37Ca lifetime

• Bahcall used this data to calculate
8B neutrino capture cross section

• (1.08 ± 0.1) x 10!42 cm2

Decay scheme from Sextro et al. [5]
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The order-of-magnitude increase in the capture cross section 
changed perceptions about the feasibility of the Cl experiment

• Davis and Bahcall companion papers in PRL, March 1964, 
arguing the feasibility and adequacy of a 100,000g detector

• SSM developments coupled with measurements of the key 
pp chain S-factors

• The excavation of the Homestake cavity in summer 1965, 
the completion and filling of the tank a year later

• The announcement of first results by Davis, Harmer,  
Hoffman -- a bound on the neutrino flux of about 1/3 SSM

• The observation by a miner that summer ‘68 had been 
cloudy, and Davis should not give up!
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How did Davis measure the few Ar atoms he extracted?

The EC produces a 1s-electron hole in the atomic cloud of Ar,  while
the nuclear charge is suddenly changed from 18 to 17

Total atomic rearrangement energy  ∼ 3 keV

Davis developed miniaturized gas proportional counters to measure
the energy deposited by the 2.62 keV Auger electrons, with a range
of about 0.02 mm

30-year rate:   2.56 ± 0.16 ± 0.16 SNU

SSM prediction:       8.1 ± 1.3 SNU      (SNU = captures/1036 atoms/s)     

e−1s + 37Ar(g.s.)→ 37Cl(g.s.) + νe

Monday, August 2, 2010



The Standard Solar Model

•  One-dimensional integration that begins at zero-age, with an assumed
   initial composition, and integrated to today, 4.6 b.y. later

•  Designed to reproduce properties of the core and radiative interior,
   not the more complicated physics of the convective zone 

•  In addition to its physical approximations, the model depends on some
   19 parameters that must be supplied, along with their assigned
   uncertainties:  pp chain (99%) and CN cycle (1%) cross sections, key
   metallicities (C, N, O, Ne, Mg, Si, S, Ar, Fe),  the luminosity, opacity, age, 
   and diffusion coefficient

•  The metal abundances (A>5) are determined from a combination of 
   meteoritic (refractory) and photospheric (volatile) data; the mass
   fraction in metals is Z  
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Fixing the zero-age composition 

•  Standard picture of pre-solar contraction, evolution 
       ◊ sun forms from a primordial gas cloud: pre-ZAMS Hayashi phase: 
           cool, highly opaque, large internal temperature gradients, slowly
           contracting -- conditions where transport is convective
       ◊ radiative transport becomes more efficient at star’s center:
           radiative core grows, convection dominates a surface envelope,    
           core and surface no longer mix -- Henyey phase
       ◊ ZAMS:  thermonuclear energy generation compensates emissions

•  The SSM assumes that the Hayashi phase fully mixes the sun and thus 
   that the radiative and convective zones will be chemically identical
       ◊ as H+He+Z=1, two conditions needed to fix ZAMS composition
       ◊ Z fixed to contemporary abundances:  volatile elements from
           photospheric absorption lines;  others from meteoritic abundances,
           assumed representative the primordial gas
       ◊ H/He fixed by condition that luminosity reproduced at 4.6 b.y.      
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•  dynamic sun:  44% luminosity growth over 4.6 b.y.
     ◊ an interesting issue for paleo-climatic modeling

  •  significant high-energy neutrino luminosity is recent
     ◊
       
•  apart from diffusion, induced chemical gradients assumed static

     most interesting is 3He
     a fuel that in principle
     could drive convection
     (solar spoon, etc.):
     relevant to recent work
     on convection in
     3D red giant simulations
                  

0.0 0.1 0.2 0.3 0.4

r/R

0.0

0.001

0.002

0.003

0.004

X
3

equilibrium established

gradient @ equilibrium
X3 ∼ T−6

τ3He ∼ T−10

Model attributes:
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•  origin of the diffusion is the local electric fields that are 
   microscopically the mechanism by which hydrostatic equilibrium is
   maintained
     ◊ thus elements with larger A/Z ratios will tend to settle
     ◊ this effect alters local sound speed at a level that affects
         helioseismology

•  chemistry of the core adjusts at the onset of nuclear burning
     ◊ inherits C, N abundances from primordial gas cloud
     ◊ lifetime of        -- determined by rate for                for
         an initial core temperature of                            -- is about

     ◊ thus burning of C to N in initial Sun is complete and rapid
     ◊ creates a temperature gradient sufficient to drive convection
         in the core over this time

12C 12C(p, γ)
T ∼ 1.34 · 107K

2 · 107 y
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•  resulting 4He abundance near surface (0.247) in excellent agreement
   with value determined from helioseismology (0.242)

•  depth of the convective zone consistent with acoustic mode 
   eigenfrequencies

Some of the successes:

And some properties not explained

•  surface Li is significantly depleted, but SSM does not transport Li to
   a depth where it could be burned
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Figure

12

Figure 2: The evolution of galactic Li as a function of metallicity. Stellar metallicity serves
as a clock, with low-metallicity stars having formed early, high metallicity later (when the
interstellar medium was enriched in metals from previous generations of stars). The [Fe/H]
is the metallicity measure, relative to solar. Note the Li abundance plateau – called the Spite
plateau – at low metallicity, indicating that some baseline of Li existed when the first stars
were formed. This is assumed to be the primordial value. Note the great spread of values for
stars of solar metallicity. The two circles correspond to the expected standard solar model
Li (the high value) and the measured Li. The sun managed to destroy mosts of its Li – most
likely by dredging Li to depth (to high temperatures, where it can be burned) – during some
past epoch. Also shown are various theoretical mechanisms proposed for synthesizing Li.
From Ryan et al., astro-ph/9905211/.

3

← expected solar

← observed solar surface
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Model tests:

•  Solar neutrinos:  direct measure of core temperature to ∼ 1%

•  Helioseismology:  inversions map out the local sound speed 
       ◊ prior to 2000, the SSM - helioseismology concordance was
           considered a significant confirmation on the model
       ◊ acoustic modes sensitive to the depth of the convective 
           zone and surface He abundance
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  Solar neutrino tests:   basically probes SSM 1) nuclear cross sections;
  2) core temperature; 3) temperature profile
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Fig. 1.— The pp-chain for hydrogen burning. The relative termination rates of competing

reactions correspond to the BPS08(AGS) SSM.
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37Cl
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•  Under the assumption that the SSM burns in equilibrium, the neutrino
   flux and surface luminosity are coupled -- despite the Sun’s Kelvin 
   time of about 106 years:  the luminosity is then a SSM constraint

•  Allows one to calculate, for example, the pp flux in a pure ppI Sun

   which compares to the SSM prediction of
   [BS05(AGS,OP)]

•  Davis’s 8B νs (about 80% of his counting rate) are quite different: they
   comprise only 0.01% of the flux and, were the solar core temperature
   reduced by 5%, can be effectively turned off

•  There are SSM modifications that could accomplish this, e.g., a lowering
   of the core Z from ∼0.02 to ∼0.002  (and also nuclear solutions)

2

[
2.4 · 1039 MeV/s

25 MeV 4π(1.5 · 1013 cm)2

]
∼ 6.8 · 1010/cm2s

6.06 · 1010 /cm2s
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•  Alternatively, there was the possibility of new physics:  ν decay,    
   oscillations, ...

•  New experiments: One possibility for distinguishing between SM and
   particle physics solutions was to measure additional fluxes:  it was
   assumed that ν oscillations, for example, would affect all species

•  Kuzmin (1966) suggested

   threshold of 233 keV

•  Davis and collaborators
   developed the chemistry
   for extracting Ge from
   both metal and
   acid solutions, mounted
   a BNL pilot exp.

νe +
71Ga → 71Ge + e−
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SAGE experiment
Baksan Laboratory

Ga metal

Gallex/GNO experiment
Gran Sasso Laboratory

GaCl2 + HCl
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•  There is a “minimum astronomical value” for any steady-state solar
   model, obtained by generating all energy through the ppI cycle:  79 SNU
   
•  Mitigating the more complicated chemistry was the possibility of 
   calibrating the detector with a ∼ megaCurie neutrino source
      ◊ 51Cr, 37Ar calibration sources were produced, used

•  There was US funding agency resistance to these experiments, due to the 
   cost (∼$50M) of the requisite Ga (>25 tons) 

•  First results for both experiments were reported in 1992

•  SAGE          75  ±  7  ±  3
   GALLEX      78  ±  6  ±  5
   GNO          66  ±  10 ±  3          or 50-60% of the SSM prediction
                                                    but not inconsistent with the
                                                    minimum astronomical value     
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•  4.5 kton water Cerenkov detector constructed for proton decay: light
    produced by relativistic electrons recorded in surrounding phototubes
   
•  modified to enable detection of low-energy electron recoils from
   8B solar neutrino interactions:  water purification system (radon), new
   electronics to improve timing, cavity expansion and installation of an
   outer detector

•  Kamiokande II began taking data in 1985: electrons scattered into a 
   forward cone with a width that is largely governed by the angular
   resolution of the detector

   

Kamiokande II

Z0 W

e-νx νe

νx νe

e-

e-e-

+ ⇒ σ(νheavy flavor) ∼
1

7
σ(νe)
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in this talk, or to see relevant background information, you can copy them
from my Web site: http://www.sns.ias.edu/∼jnb .

4 Standard Model Predictions

Figure 2 shows the predicted standard model neutrino fluxes from the dom-
inant p-p fusion chain.

Figure 2: The energy spectrum of neutrinos from the pp chain of interactions in the Sun,
as predicted by the standard solar model. Neutrino fluxes from continuum sources (such as
pp and 8B) are given in the units of counts per cm2 per second. The pp chain is responsible
for more than 98% of the energy generation in the standard solar model. Neutrinos
produced in the carbon-nitrogen-oxygen CNO chain are not important energetically and
are difficult to detect experimentally. The arrows at the top of the figure indicate the
energy thresholds for the ongoing neutrino experiments.

Figure 3 shows for the chlorine experiment all the predicted rates and the
estimated uncertainties (1σ) published by my colleagues and myself since

5

Kamioka II/IIIChlorineGallium

Neutrino Energy (MeV)

N
eu

tr
in

o 
Fl

ux
 (

cm
-2
s-1

)

so one had, at this point, first-generation experiments sensitive  
in differing ways to the three key pp-chain neutrino fluxes
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Hata et al.

Castellani et al. (and Heeger and Robertson )

SSM fluxes track with core T -- regardless of the kind of SSM perturbation --
but the measured fluxes did not follow this pattern
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Thus some began to suspect that there would not be a SSM solution --
at least not one consistent with a steady-state sun

Two other developments helped to strengthen the case
     - precision helioseismology, which demonstrated that the SSM sound
       speed was in excellent agreement with measurement (∼0.2%)
     - the recognition that neutrino oscillations in matter could 
       account for the missing flux, even of mixing angles are small
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