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(1) The Story of Spin and Spin Isomers 
September 23, Friday 10:30 - 



Sin-itiro (Sin'ichirō) Tomonaga  1906 – 1979 
Founder of quantum electrodynamics together with 
     Julian Schwinger, Richard Feynman  Physics Nobel 1965 
     Freeman Dyson 
 

The Story of Spin 

Translator’s preface 
Lecture 1: Before the Dawn  
Lecture 2: Electron Spin and the Thomas Factor  
Lecture 3: Pauli's Spin Theory and the Dirac Theory  
Lecture 4: Proton Spin  
Lecture 5: Interaction between Spins  
Lecture 6: Pauli-Weisskopf and the Yukawa Particle  
Lecture 7: The Quantity Which Is neither Vector nor Tensor  
Lecture 8: Spin and Statistics of Elementary Particles  
Lecture 9: The Year of Discovery: 1932  
Lecture 10: Nuclear Force and Isospin  
Lecture 11: The Thomas Factor Revisited  
Lecture 12: The Last Lecture  
Epilogue  



Ortho/Para He 

Electron spin 

Nuclear spin 



ApJ 3, 4 (1886) 

Helium and parhelium 



Pauli’s Exclusion Principle 
W. Pauli Z. Physik 31, 765 (1925)  “We cannot give a more precise reason” 

          W. Heisenberg  Z. Physik 38, 411 39, 499 (1926)  41, 239 (1927) 
          P. A M. Dirac  Proc. Roy. Soc. A112, 661 (1926) 
 
    (1,2)Ψ(r1, p1, I1; r2, p2, I2) = Ψ(r2, p2, I2; r1, p1, I1) =  ̶  Ψ(r1, p1, I1; r2, p2, I2)  for fermion 
                                                                                       = + Ψ(r1, p1, I1; r2, p2, I2)  for bosons    

Self-effacing Dirac 

Heisenberg’s equation of motion (1925) 
Pauli’s exclusion principle (1926) 
Einstein’s coefficient (1927) 
Fermi’s golden rule (1927) 

W. Pauli, Phys. Rev. 58, 716 (1940) 



S. Tomonaga, The Story of Spin, University of Chicago Press (1997) 
 
I. Duck & E. C. G. Sudarshan, Pauli and the Spin-Statistics Theorem 
     World Scientific, Singapore (1997) 
 
 
 
 

The most subtle and ingenious design of nature 

The Feynman Lectures on Physics Vol. 3, p 4-3  



The all mighty formula  

Landau Lifshitz, Vol. 3  “Quantum Mechanics: non-relativistic Theory”  
Pergamon, 1977 § 106 
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2/1 DDD ⊕= The principle of superposition of states 



The Nobel Prize in Physics 1932 
Werner Karl Heisenberg 
"for the creation of quantum mechanics, 
the application of which has, inter alia, 
led to the discovery of the allotropic 
forms of hydrogen" 



Ortho/Para He 

Electron spin 

Nuclear spin 



Stability of ortho and para H2; Wigner’s near symmetry 

e v r Iψ ψ ψ ψΨ = ⋅ ⋅ ⋅
Energy   1      κ2      κ4     α2κ8  
               1     10-2     10-4    10-12 
 Mixing  1     10-2   10-2    10-8 

Z. Physik. Chem. B23, 28 (1933) 

Nuclear spin interactions  I·I   I·J 



Ortho/Para He 

Electron spin 

Nuclear spin 

H2 
Tomonaga 

H2O, H2CO 
NH3, CH3OH,  
CH4, C2H4  

H3
+ 

Handbook 



The all mighty formula  

Landau Lifshitz, Vol. 3  “Quantum Mechanics: non-relativistic Theory”  
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Ortho/Para He 
Nuclear spin 

Electron spin H2 
Tomonaga 

H2O, H2CO, C3H2 
NH3, CH3OH,  
CH4, C2H4  

H2O+, H2S+, H2Cl+  
H3O+, H3S+, CH5

+ 

H3
+ 

Handbook 

D 



Polyatomic molecules 

H2CO 

CH4 

J. Chem. Phys. 46, 3220 (1967)  

H2CO 

NH3 

Handbook 



Applications to interstellar molecules 
Radiative 
Collisional 
Chemical 

A. Dalgarno,J. H. Black, J. C. Weisheit ApL, 14, 77 (1973) 

J. Le Bourlot A&A, 242, 235 (1991) 

Neutral molecules 

Ions 

Ortho↔Para conversion 
in interstellar space 

H2 + o-H3
+ ↔ H2 + p-H3

+ 

H2 + p-H2O+ → H + H3O+  



Nuclear spin selection rules 

Mol. Phys. 34, 477 (1977) 

H2
+ + H2 ↔ (H4

+)* ↔ H + H3
+ 

Phys. Rev. Lett. 78, 3844 (1997) 

H3
+ + H2 ↔ (H5

+)* ↔ H2 + H3
+ 

++ +→+ HH~HH~H 2223

H~HH~HH~H 223 +→++
Proton hop 
 

Proton exchange 

Crabtree, McCall et al. (2011) 

2.4 : 1 



Quack Permutation inversion group 
(Molecular symmetry group) 

C2v, C3v, D2d, D3h, Td, …… 
E, C2, C3, σv, σh, I, …… 
A1, A2, B1, B2, A’, A”, E, F, ….. 

Rotation group    DI 
 

||1 21212121 IIIIIIII DDDDD −−++ ⊕⋅⋅⋅⋅⋅⊕⊕=⊗

Frobenius’ reciprocity 
 G. Frobenius Sitzber. Preuss. Akad. 501 (1898) 

J. K. G. Watson, Can. J. Phys. 43, 1996 (1965) 

J. Mol. Spectrosc. 228, 635 (2004)  

spincoordinate ψψ ⋅=Ψ

The Almighty Formula 
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Advantages 
 

Simplicity 
Any value of n 

Any value of spin 
Discriminating reactions 



Ortho ↔ para spontaneous emission in open shell molecules  

Closed shell (non-magnetic) molecules   I·I  I·J     κ8α2 ~ 10-12     1010 years 
Open shell (paramagnetic) molecules      S·I           κ4α2 ~ 10-8      102 years 

P. Schilke et al. A&A 521, L11 (2010) 

J. Phys. Chem. A 117, 9584 (2013) 



Oka, Shimizu, Shimizu, Watson  ApJ, 165, L15 (1971)  Oka, Geballe, Goto, Usuda, McCall ApJ, 632, 882 (2005) 

520 years 

H2O+ 

NH3 

H3
+ 






