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Hockey, or, Watching the Daisies Grow





Enigma
• 158,962,555,218,000,000,000 settings

• 1 million/hour for 300 million years

• Turing reduced the problem to 
checking 1,054,560 settings.











D’Arcy Thompson – On Growth and Form (1917)









A diffusion-reaction example
Morphogen 𝑥 Morphogen 𝑦

Cell 1

Cell 2

Diffusion – between cells
• Concentration of 𝑥: 𝑋! in Cell 1; 𝑋" in Cell 2 
• 𝑥 diffuses to Cell 2 at rate 0.5(𝑋! − 𝑋")
• So rate of change of 𝑋! is 0.5(𝑋! − 𝑋")
• Eg here initial diffusion rate = 1

Reaction – inside cells
• Rate of production of 𝑥 in Cell 1 is 5𝑋! − 6𝑌! + 1
• Eg here rate of change of 𝑋! is +8

“rate of change” of eg 𝑋! denoted ̇𝑋!.



A diffusion-reaction example
Morphogen 𝑥 Morphogen 𝑦

Cell 1

Cell 2

The four equations
̇𝑋! = 0.5 𝑋! − 𝑋" + 5𝑋! − 6𝑌! + 1
̇𝑋" = 0.5 𝑋" − 𝑋! + 5𝑋" − 6𝑌" + 1
�̇�! = 4.5 𝑌! − 𝑌" + 6𝑋! − 7𝑌! + 1
�̇�" = 4.5 𝑌" − 𝑌! + 6𝑋" − 7𝑌" + 1

• If 𝑋! = 𝑋" = 𝑌! = 𝑌" = 1, equilibrium.

• Suppose 𝑋! = 1.06, 𝑌! = 1.02, 𝑋" = 0.94,  𝑌" = 0.98.

• Then ̇𝑋! = 0.18, ̇𝑋" = −0.18, �̇�! = 0.22, �̇�" = −0.22



A diffusion-reaction example
Morphogen 𝑥 Morphogen 𝑦

Cell 1

Cell 2

𝑋!

𝑋"

𝑌!

𝑌"





Radiolaria and the Ferranti Mark I





Reaction and Diffusion of the Theory

• Activator-inhibitor model
• Activator self-catalysing, 

slowed down by inhibitor
• Inhibitor diffuses faster than activator

• More than two morphogens 
(eg fingerprints)



Size Matters

















OUT NOW! 
Once Upon a Prime: The 
Wondrous Connections between 
Mathematics and Literature

Coming up at Gresham

13 June, 6pm Robin Wilson 
Connecting the Dots: 
Milestones in Graph Theory

10 October, 1pm, Sarah Hart 
The Maths of Board Games


