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All things in universe are made  of Elementary particles - called spin-1/2 particles. They are point  particles

Three fundamental attributes of these particles:
Mass and charge : Scalar quantities
 “SPIN” - intrinsic angular momentum  EXACTLY equal to-
 
 In quantum world, these particles are described by wave functions - state of the particle.
 Mysterious thing about these wave functions is: under rotation by 360 degrees, they change SIGN
 ψ → −ψ as θ → θ + 2π. 
That is: Particles with half-integer spins, do not recover their original posture or state after one full rotation. They 
need to complete two full rotations before returning to their original state, something that is reminiscent of 

Quantities that  change sign under rotation by 2π are not scalars, vectors or tensors
 They are called SPINORS . 
Why talk about spin & spinors in  ``Quaternion session” ? Because spins-1/2 are quaternions in disguise 

- called 1/2 integer spin 





Pauli matrices

Note: Half-angles

Pauli matrices  obey quaternion algebra

Unit   
Quaternion 

Reincarnation of Quaternion



Symmetrized product is a scalar



Surprise 
 In 3D, Clifford algebra is Pauli Algebra

Consider three orthonormal vectors: 







Example:



French Mathematician: 
1865-1951

1913: Cartan develops Theory of Spinors as abstract mathematical objects 
Spin was discovered in physics 1925: But before that 





Note: Half-angles 
Change of sign under 
360 degree rotation 



1896-1897: First nail in the coffin of Classical Physics 
( note: electron was discovered in Oct 1897 )

What happens to  spectral lines 
 in  presence of magnetic field ???



Bohr Model- 1913

Zeeman effect can also be explained  
in quantum theory



More Anomalous splittings observed in atoms 
 with more than one electron

Need to look beyond Bohr Model 



Well, that is a nice idea, though it may be wrong. But you don’t yet 
have a reputation, so you have nothing to lose” … Ehrenfest

1925: Goudsmit & Uhlenbeck propose a model of spinning Electron



Austrian physicist: 
(1887-1961)

How to incorporate spin ?
??

Pauli Spinor

Wolfgange Pauli  
(1900-1958)

1925-1927: 



English physicist 
(1902-1984)



Marrying Relativity & Quantum Mechanics

Clifford algebra in 4D Minkowski space

We need four matrices that anti-commute: 
Pauli matrices will not do the job

Dirac spinner



Spin emerges as intrinsic angular momentum- an abstract quantity, and is not 
associated with any visual picture of a spinning top. The idea that quantum 
spin describes some kind of spinning motion is erased in the physics literature. 

What is Spin ???



...... It has been my privilege to pick up where Clifford left off—to serve, 
so to speak, as principal architect of Geometric Algebra and Calculus as a comprehensive 
mathematical language for physics, engineering and computer science. 

David Hestenes: Spacetime Algebra & its Implication for 
Quantum Spin 



In  physics, “spin-gene” is encoded in Pauli & Dirac matrices.
In Quantum Mechanics:

 spin as a Pauli & Dirac matrices

Similarly, Dirac matrices γμ as orthogonal vector basis in 4D Minkowski space.

Spin is not intrinsically related to Pauli or Dirac matrices 

Hestenes 1960s:
Pauli matrices represent a frame of three orthonormal vectors 
in 3D Euclidean space ;  anticommutativity expresses 
orthogonalization.

Pauli, Dirac 1920s:……







if the particle is considered as containing a rest energy mc2 = hν0, it was natural to 
compare it to a small clock of frequency ν so that when moving with velocity v = βc, its frequency  
is different from that of the wave,                   is                  Louis de BROGLIE, 

“Science is the belief in the ignorance of experts”    Feynman


