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Sun and Solar Models 

A longstanding debate (19th c.)

What is the energy source of the 

Sun and of the stars in general?

William Thomson

(Lord Kelvin)

Energy from  Gravity

Age of the Sun

less than 20.000.000 years

Charles Darwin

Geology and Biology

Earth is older than 

300.000.000 years 

Unknown source of energy



Nuclear Physics for the Sun (1938)

Carl F. von Weizsäcker
Hans Bethe

He

H
H

H

H

Δm = 0.7% 

E = mc2

Energy from nuclear reactions: hydrogen burning through pp chain and CNO cycle

… the Sun is 5.000.000.000 years old!
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pp chain

(99%)

CNO cycle

(1%)

Dominant in the sun

T
core

~ 15 x 106 K

- Dominant in heavier 

stars  (>1.3 Sun 

mass)
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Detection of neutrinos to confirm the working principles of the Sun (R. Davis experiment)

Solar Neutrinos 
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Predicted Neutrino Spectrum from the Sun, according to the Standard Solar Model

- Davis experiment 

- Solar Models (J. Bahcall)

- Discrepancy between the Davis 

experiment and the Model (Solar 

Neutrino Problem)

- Astrophysics/Neutrino physics 

possible solutions

- Neutrino Oscillations! (2002)

Solar Neutrino Spectrum: experiment and predictions

CNO 

cycle
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BOREXINO 
Detection reaction: neutrino-electron elastic 

scattering

All types (NC)
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Scintillat

or

Buffe
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Wate
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Stainless steal 

sphere

13.7 m of 

diameter,

1300 m3 of 

pseudocumene

Internal PMTs

2212 (nominal), 

8”,

35% optical 

coverage

Nylon vessel

125 μm of 

radioupure nylon

Inner vessel 

target: 280 ton of 

scintillator 

PC+PPO

Nylon outer 

vessel

PC+DMP

Water Cherenkov 

veto

208 PMTs, 

diameter 18m, 

2000 m3 of water 
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Neutrin

o

Neutrin
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The BOREXINO detector



The BOREXINO saga

1990: idea of a sub-Mev solar neutrino detector

A real time neutrino  detection 

1995: CTF testing the record radiopurity
238U, 232Th < 10-16 g/g   &  14C/12C  < 10-18

1996-1997: Approval of the experiment 

Mid-2007: Beginning of the data taking

Radiopure materials (structure and scintillator)

Purification: distillation, N
2

stripping, water extraction.

Princeton 1993, picture taken 

by Raju Raghavan (1937-2011)

CTF
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BOREXINO at the Laboratori

Nazionali del Gran Sasso
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Solar Physics Results 

Solar Neutrino Spectrum Reconstructed electron recoil spectrum

and backgrounds in BOREXINO

- Reconstruction of ∼all components and backgrounds in the scintillator fiducial volume
see e.g. M. Agostini et al. Comprehensive measurement of pp-chain solar neutrinos Nature 562 (2018) 505

- Identification and measurement of the pp main component (first observation made in real-time)

- Identification and measurement of the CNO neutrino contribution (first time)



Summary of the BOREXINO Solar results (see also talk by M. Chen)
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Implications for Main Sequence Stars 

Main Sequence: the most abundant stars in the Universe
- Fuse Hydrogen to form Helium in their cores

- They are about 90% of the Stars 

- Masses from ∼ 0.2 Mʘ (nuclear fusion limit)

to ∼ 200 Mʘ (Eddington limit)

- Surface temperatures of

50,000 K for 100 Mʘ

30,000 K for   18  Mʘ

5,800 K for      1 Mʘ

3,600 K for   0.5 Mʘ

- Lifetime of 90x109 y for 0.5 Mʘ

10x109 y for    1 Mʘ

20x106 y for  10 Mʘ

- Mass-Luminosity relations 
All Main Sequence stars call for the same Physics!
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pp – CNO crossover at 1.4 M⊙

(22,000 stars in the Hipparchos catalog)

BOREXINO measurements are relevant 

to all Main Sequence stars
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Different role of heat transport mechanisms, 

depending on the T gradient

(should not affect the conclusions!)

BOREXINO measurements are relevant 

to all Main Sequence stars

BOREXINO error on the CNO measurement ∼30 %

(favoring high metallicity)

Error on C,N,O astrophysical reactions ∼20 %

And decreasing because of new measurements 

planned (as in LUNA and other experiments)

Aiming at reaching ∼8 %

Fundamental step to the understanding 

and the experimental demonstration of 

the working principle of all stars in the 

Main Sequence
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Thank you for your attention 
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Backup Slides 
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