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Thermodynamics: the energy of the Sun and the age of the Earth

1854 : Hermann von Helmholtz

Gravitational energy of Kant’s

contracting protosolar nebula of gas and dust

turns into kinetic energy

Timescale ~ EGrav/LSun ~ 30  My

1859:  Charles Darwin   Origin of species :  

Rate of erosion of  the Weald valley is 1 inch/century

or 22 miles wild (X 1100 feet high)  in 300 My

Such large Earth ages also required by geologists, like Charles Lyell

1850s : William Thompson (Lord Kelvin) 

Sun heated at formation from meteorite fall, 

now « an incadescent liquid mass » cooling

Age 10 – 100 My

1847 : Robert Julius von Mayer 

Sun heated by fall of meteors



A gaseous, contracting and heating Sun

Earth

Mayer – Kelvin - Helmholtz 

Mean solar density : ~1.35 g/cc Sun liquid  Incompressible =
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1870s: J. Homer Lane ;         1880s :August Ritter       :  Sun gaseous  Compressible        

As it shrinks, it releases gravitational energy AND  it gets hotter

Helmholtz - Ritter 
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A gaseous, contracting and heating Sun

Source of solar energy : gravitational contraction                                           l

Characteristic timescale of contraction : Tcontraction ~ 30  My

Kelvin – Helmholtz - Ritter     timescale

Earth

Mayer – Kelvin - Helmholtz Helmholtz - Ritter 

1870s: J. Homer Lane ;         1880s :August Ritter       :  Sun gaseous  Compressible        

As it shrinks, it releases gravitational energy AND  it gets hotter
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Hot star

Cold star

Stellar spectroscopy reveals

the chemical composition  and  physical conditions of stellar surfaces 



Spectroscopy reveals Helium in the Sun 

Pierre Janssen
Sir 

Norman Lockyer

1868 

co-discovery of Helium

in the Sun’ chromosphere

during a solar eclipse

(Ηλιος = Sun)

Lockyer’s theory of stellar evolution

1882 : discovery of Helium on Earth

in the lava of Mount Aitna

by Luigi Palmieri

10 000 K

5800 K

PHOTOSPHERE

CHROMOSPHERE



RED GIANTS

WHITE

DWARFS

Lockyer’s theory of stellar evolution: running OPPOSITE to current



Herbert George Wells

THE TIME MACHINE

1897

So I travelled, stopping ever and again, 

in great strides of a thousand years or more, 

drawn on by the mystery of the earth’s fate, watching with 

a strange fascination the sun grow larger and duller in 

the westward sky, and the life of the old earth ebb away. At 

last, more than thirty million years hence, the huge 

red-hot dome of the sun had come to obscure nearly a 

tenth part of the darkling heavens



Subatomic physics

1897 : discovery of the electron

by Joseph John Thomson

(Physics Nobel 1906)

1896 : discovery of radioactivity (Uranium) 

by Henri Bequerel

(Physics Nobel 1903) 

1896-1897 : identification of radioactive polonium and radium 

by Pierre and Marie Curie

1903: Thomson’s atom

1897 : identification of alpha and  beta rays 

by Ernest Rutherford

(Chemistry Nobel 1908)

Charge +2

Charge -1

1900: Paul Villard 

(ENS, FR)



1907 Rutherford  : Helium in the Sun results from radioactivity and so does Solar energy 

But what makes substances radioactive and how is the energy put there ?

Radioactivity: dating of rocks and energy source

1902: Rutherford-Soddy’s

law of radioactive decay

N = N0 exp(-t/)

1902: Rutherford  shows that  alpha radiation is Helium nuclei

suggests to use Uranium/Helium for  dating

1907 : Bertram Boltwood  :  Old rocks are 400 My to 2 Gy old , the  Earth is even older

Rutherford and Soddy 1903



The atomic nucleus and the proton

1909: Geiger-Marsden experiment

Strong deflection of some α particles bombarding a foil of gold

1911: Rutherford :  The atom is mostly void : 

the volume of the positive charge (nucleus)

is 1000 trillion times smaller than the volume of the atom

Nuclear radius ~ 10-13 cm

1919: Rutherford produces hydrogen nuclei bombarding nitrogen with alpha particles

N14 + α  O17 + H
1920 : Rutherford names the hydrogen nucleus   proton (charge +1)

1910ies : development of mass spectrograph, 

by Francis William Aston (Chemistry Nobel  1922) 

Identification of isotopes and  measurements of their masses 

( =multiples of same « elementary » mass)

1919: Mass(He4)  =  Mass(4 protons) x (1 – 0.007)  



GRAVES OF

Charles Darwin

Sir John Herschel

Sir Isaac Newton

Ernest Rutherford

William Thomson (Kelvin)

Joseph John Thomson

In the Nave of St Peter’s Cathedral at Westminster

Students of J. J. Thompson with Nobel prize

Ernest Rutherford              Chemistry 1908    Radioactivity

Francis William Aston        Chemistry 1922    Mass spectrograph,isotopic masses

William Henry Bragg          Physics 1915    Crystal structure

Charles Glover Barkla       Physics 1917    X-ray spectroscopy

Niels Bohr                            Physics 1922    Atom model, QM

Max Born                             Physics 1954    Wave function QM

Owen Willams Richardson Physics 1928    Thermionic emission

Charles T. Rees Wilson     Physics 1927    Cloud chamber

George Paget Thomson      Physics 1937    Electron diffraction
Paul Langevin

J. Robert Oppenheimer

Stephen Hawking (2018)



Sun’s energy:  Conversion of H to He

Energy production :  E = m c2

First ideas (rather confused):

1919: Jean Perrin
(Physics Nobel  1926) 

Sir Arthur  Stanley Eddington

Stellar physics
Mean molecular weight - Stellar opacities -

Radiative transfer – Role of radiation pressure   

Mass-luminosity relation – Cepheid pulsations

Eddington limit on stellar luminosity

Standard model of stellar structure : 
TCENTRAL(Sun)~20 MK

1915: William Draper Harkins



The energy source of the Sun
Eddington’s Presidential address to the British Association (24/8/1920)



Luminosity L⊙ = 4 10 33 erg/s

Time  T = 4,5 Gy = 1.35 10 17 s

Energetic demands:  Energy = Luminosity x Time = 5 10 50 ergs           (1)

The energy of the Sun

(1) + (2)  : Fraction of  Sun’s mass (in hydrogen) which participated

in nuclear reactions in the past T=4.5 Gy :  

How much hydrogen is there in the Sun ?

Efficiency of transformation of mass to energy through 4p → He4  :  = 0.007

Mass  M⊙ = 2 1033 gr     

Nuclear energy available : E(nuclear) =    f M⊙ c2                      (2)



Stellar spectroscopy reveals

the chemical composition AND physical conditions of stellar surfaces 

The intensity and width of spectral lines

depends not only

on the abundances of the elements, 

but also on the conditions

( temperature, pressure and ionization) 

of the stellar atmosphere

Abundant elements may appear underabundant

Hot star

Cold star

Quantum Mechanical

models are required

to infer true abundances,

through the 

Saha ionisation equation

(1925)

Meghnad Saha



1925 : H and He are the most abundant elements in stellar atmospheres

Cecilia Payne 



Problem 1: How to make an alpha particle 

( masse = 4 mP ;  charge = 2 + ) 

4 protons +  2 electrons   should be brought together

HOW ?     (neutron unknown then)

P
P

P

Pe
e

Problem 2: How to bring just 2 protons together

Enormous temperatures (T> 1010 K)

are required, so that particles have

enough kinetic energy  E~kT

to overcome their repulsive Coulomb barrier 

whereas Eddington’s stellar model  suggested  

T~107 K

We do not argue with the critic who urges that the stars 

are not hot enough for this process; we tell him 

to go and find a hotter place.                     A. S. EDDINGTON, The Internal Constitution of Stars (1926)

From H  to  He :  an impossible reaction ?

~107 K

~1010 KEnergy

Distance

Nuclear radius

~10-13 cm



1928 : Light in the end of the tunnel
How do the  emitted α particles get out of the potential well of radioactive nuclei ?

Why their observed energies are <  ECOULOMB, max of those nuclei ?

(ECOULOMB, max being observed in scattering experiments))

1928-1929  

R. Gurney & E. Condon

Edward Condon

Probabilistic quantum-mechanical

TUNNEL   EFFECT (1928)

Particles with E < ECOULOMB, max

have a finite probability to escape

It also explains quantitatively

why nuclei with larger half-lives

eject α particles

with smaller energies

Energy

Distance

Gamow factor George Gamow

Energy

Distance

ECoulomb,max



Proton fusion may indeed occur in temperatures  at the center of the Sun,  thanks to the tunnel effect

But fusion of two protons gives a di-proton   which cannot exist !

++



1931:  Prediction of Positron (positively charged electron )

P. A.M. Dirac    (Physics Nobel  1933)

1932 : Discovery of  neutron (mass ~ mP , charge =0)

James Chadwick (Physics Nobel  1935)

1932 : Discovery of  positron  (mass ~ me , charge =1 +)

Carl Anderson (Physics Nobel  1936)

1930 :  Prediction of the neutrino (mass ~ 0 , charge =0)

Wolfgang Pauli (Physics Nobel  1945)

1934 :  development of the theory of β decay (weak interactions of radioactivity)

Enrico Fermi (Physics Nobel  1938)

1931:  Discovery of  Deuterium (heavy hydrogen with mass ~2 mP )

Harold Urey    (Chemistry Nobel  1934)

Particle discoveries in the 1930ies



Lev Davidovich Landau (1908-1968)

(Physics Nobel 1962)

Origin of stellar energy (Nature, Febr. 1938)

accretion of inner layers  onto  

a small neutron star found in the stellar core 

Lev LandauNiels Bohr

Lubyanka prison 1938

1932: Formulates concept 

of Neutron stars

Calculates minimum

and maximum mass

Hydrostatic equilibrium dictates the density profile 

of a normal star 

An increase of the core density inflates the envelope

as in Red Giants, reducing the mean density



The possibility of an extremely dense neutron core at the centre of the star (as proposed by L.
Landau) was also discussed. The study of a number of known stars does not indicate a central
condensation of more than what corresponds to 90 per cent of the total mass within half the
radius....... It was therefore concluded that stellar models with a concentrated nuclear core
cannot represent real stars. [idea explored by Thorne+Zytkow 1975, 1977]

The problem of stellar energy was the subject of discussion of the Fourth Annual Conference on Theoretical Physics

sponsored by the George Washington University and the Carnegie Institution of Washington, and held in

Washington, D.C., on March 21-23. The Conference was attended by astrophysicists studying the internal

constitution of the stars (S. Chandrasekhar, B. Stromgren, T. Sterne, D. Menzel and others) as well as by physicists

working on different branches of nuclear physics (H. Bethe, G. Breit, G. Gamow, J. v. Neumann, E. Teller, M. Tuve,

L. Hafstad, N. Heydenburg and others).



Formation of deuteron

requires a spin flip,

as in the theory of 

Gamow – Teller  (1936) 





What about

elements

heavier

than He ?

Energy

production rate

Temperature (MK)



Why does the Sun shine?

Because it is hot 

and it is hot because it is massive

Because its interior is  so hot  that thermonuclear reactions 

ignite and produce huge amounts  of energy

released in long timescales

Why does the Sun shine for so long?



Atomic physics and spectroscopy

Interactions of fast particles with matter 

Solid state physics

Hydrodynamics, especially shock waves

Nuclear physics (from ‘pure’ physics to bombs)

Nuclear astrophysics (stellar energy, SN,  solar )

Gravitational wave sources 

Nuclear weapons, the arms race, national security

Energy policy, including fission power

1947 Henry Draper Medal

1959 Franklin Medal

1961 Eddington Medal

1961 Enrico Fermi Award

1963 Rumford Prize

1975 National Medal of Science

1989 Lomonosov Gold Medal

1993 Oersted Medal

2001 Bruce Medal

2005 Benjamin Franklin Medal

“Professor Bethe, you may have been astonished that among your many contributions to physics, several of

which have been proposed for the Nobel Prize, we have chosen one which contains less fundamental

physics than many of the others and which has taken only a short part of your long time in science […]. Your

solution of the energy source of stars is one of the most important applications of fundamental physics in

our days, having led to a deep going evolution of our knowledge of the universe around us.”

From the presentation speech of Professor  Oskar Klein, member of the Swedish Academy of Sciences

Hans  Albrecht   Bethe   (1906  - 2005)

First publication: 1924 (aged 18) A. Bethe and Y. Terada “Experiments Relating to the Theory of Dialysis” Zeitschrift f. Physik. 

Chemie, 112, pp. 250-269

Last research publication : 2002 (aged 96) G. C. McLaughlin, R.A.M.J. Wijers, G. E. Brown, H. Bethe “Broad and Shifted Iron-Group 

Emission Lines in Gamma-Ray Bursts as Test of the Hypernova Scenario” Astrophysical Journal, 567, 454-462

Physics Nobel prize 1967
for his discoveries concerning the energy production in stars

https://en.wikipedia.org/wiki/Henry_Draper_Medal
https://en.wikipedia.org/wiki/Franklin_Medal
https://en.wikipedia.org/wiki/Eddington_Medal
https://en.wikipedia.org/wiki/Enrico_Fermi_Award
https://en.wikipedia.org/wiki/Rumford_Prize
https://en.wikipedia.org/wiki/National_Medal_of_Science
https://en.wikipedia.org/wiki/Lomonosov_Gold_Medal
https://en.wikipedia.org/wiki/Oersted_Medal
https://en.wikipedia.org/wiki/Bruce_Medal
https://en.wikipedia.org/wiki/Benjamin_Franklin_Medal_(American_Philosophical_Society)


« If there were a computation to make,  with the survival of mankind depending

on its outcome,  the only person I would trust for that would be Hans Bethe »

After HB showed (1943) that a nuclear explosion would not ignite a chain reaction of atmospheric Nitrogen

President’s Science Advisory Committee (1956-1959)

Member, US Delegation to Discussions on 

Discontinuance of Nuclear Weapons Tests, 1958-59

Scientists movement against the projects of

anti-ballistic missiles (60ies)  and Star wars (80ies)Bethe Teller

Head of Theory Division of Manhattan Project (1943-1946)

Calculation of critical mass and  efficiency  of U-235

Formula for  the atomic bomb’s explosive yield 
(with Richard Feynman)

Bethe vs Teller in Oppenheimer affair (1955)

Oppenheimer

Bethe               Fermi              Teller          Feynman



E. Konopinski
C. Marvin
E. Teller

IGNITION OF THE ATMOSPHERE BY NUCLEAR BOMBS


