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why	  should	  theore1cal	  physics	  bother	  with	  this?	  
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scale-‐free	  correla1ons	  

are	  these	  two	  phenomena	  equally	  surprising/unsurprising?	  



starlings	  vs	  Goldstone’s	  theorem	  

• 	  scale-‐free	  correla1on	  of	  the	  orienta(on	  fluctua1ons	  are	  quite	  natural	  

• 	  scale-‐free	  correla1on	  of	  the	  speed	  fluctua1ons	  are	  not	  so	  natural	  

all	  birds	  are	  flying	  in	  the	  same	  direc1on!	  



turning	  as	  collec1ve	  decision-‐making	  

• 	  does	  the	  decision	  to	  turn	  originate	  locally?	  

• 	  how	  does	  the	  informa1on	  to	  turn	  propagate	  across	  the	  flock?	  



mutual	  delay	  τij	  

bird	  i	  turns	  before	  bird	  j	  

find	  the	  delay	  τij that	  maximizes	  the	  overlap	  between	  the	  two	  the	  accelera1ons	  



1me	  ordering	  check	  
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birds	  ranking	  

rank	   turning	  *me	  delay	  

1	   0	  ms	  –	  first	  bird	  to	  turn	  

2	   18	  ms	  

3	   27	  ms	  

4	   33	  ms	  

5	   35	  ms	  

6	   38	  ms	  

7	   43	  ms	  

8	   41	  ms	  

9	   45	  ms	  

...	   ...	  

rank	  birds	  according	  to	  their	  mutual	  delays	  τij	  
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localized	  origin	  of	  the	  turn	  

`nucleus’	  =	  first	  5	  birds	  in	  the	  rank	  

the	  turn	  starts	  localized	  and	  then	  it	  propagates	  across	  the	  flock	  

rank	   	  delay	  

1	   0	  ms	  

2	   18	  ms	  

3	   27	  ms	  

4	   33	  ms	  

5	   35	  ms	  

6	   41	  ms	  

7	   43	  ms	  

8	   45	  ms	  

9	   48	  ms	  

10	   49	  ms	  

11	   51	  ms	  

...	   ...	  

spa1al	  size	  of	  the	  nucleus	  
does	  not	  scale	  with	  L	  



what	  is	  the	  dispersion	  rela1on?	  



ranking	  curve	  



rank	  =	  (density	  ρ)	  x	  (distance	  traveled	  by	  the	  turn	  x)3	  
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ranking	  and	  propaga1on	  

if	  the	  turn	  starts	  localized	  then:	  

rank:	  1	  

rank:	  2-‐8	  

rank:	  9-‐38	  
€ 

x



t 

x 

€ 

x = cs t

€ 

cs

linear	  dispersion	  law	  

finite	  size	  –	  boundary	  effects	  

speed	  of	  propaga1on	  of	  the	  
turn	  across	  the	  flock	  



physics vs biology 

very	  weak	  a^enua1on	  



nearest	  neighbours	  distance	  

great	  variability	  of	  the	  speed	  of	  propaga1on	  cs 

what	  does	  cs depend	  on?	  	  



• 	  why	  a	  linear	  propaga1on	  law?	  	  
spin	  waves	  (orienta(on),	  not	  density	  waves	  

• 	  why	  a	  very	  weak	  a^enua1on?	  

• 	  how	  to	  make	  sense	  of	  the	  variability	  of	  cs ?	  	  	  

ques1ons	  



theore1cal	  physics	  descrip1on	  
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old	  theory	  of	  flocking	  

Vicsek	  flocking	  model	  

planar	  order	  parameter	  -‐	  
introduce	  the	  phase	  ϕ:	  

high	  polariza1on	  (low	  T)	  -‐	  spin	  wave	  expansion:	  

• 	  damping	  

• 	  diffusive	  propaga1on	  

z y 

x 

fixed	  velocity	  modulus	  
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ω = ik 2

bo^om	  line:	  classic	  spin	  waves	  are	  diffusive	  



two	  problems	  with	  the	  old	  theory	  

The	  theory	  is	  rota1onally	  invariant	  -‐	  all	  flight	  direc1ons	  are	  the	  same	  
however,	  there	  is	  no	  conserva*on	  law.	  
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ϕi →ϕi +δϕ

The	  theory	  completely	  neglects	  behavioural	  iner*a.	  

€ 

˙ ϕ = Fs =∇2ϕ

the	  phase	  is	  the	  generator	  of	  the	  symmetry	  

€ 

˙ ̇ ϕ = Fsrather	  than:	  

`An	  excita(on	  of	  a	  conserved	  field	  cannot	  be	  relaxed	  locally.	  It	  must	  be	  transported	  away.’	  	  
[HH69]	  	  	  

this	  is	  biologically	  implausible:	  a	  bird	  cannot	  perform	  a	  U-‐turn	  in	  1	  1me-‐step	  
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superfluid	  theory	  of	  flocking	  
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is	  the	  generator	  of	  the	  rota1on	  parametrized	  by	  
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sz

€ 

ϕ

we	  introduce	  the	  birds’	  spin	  

with:	  

this	  is	  Model	  F	  of	  Hohenberg-‐Halperin	  [‘69],	  mathema1cally	  equivalent	  to	  the	  quantum	  
laice	  gas	  model	  of	  Matsubara-‐Matsuda	  [‘56]	  for	  superfluid	  liquid	  helium	  

conserva1on	  law	  –	  con1nuity	  equa1on:	  
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is	  a	  generalized	  iner1a	  
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canonical	  equa1ons	  for	  the	  conjugated	  pair	  	  	  	  	  	  	  	  	  	  	  	  :	  

reinstate	  the	  `kine1c’	  term:	  	  
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new	  spin-‐wave	  equa1on	  
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x = cs tlinear	  dispersion	  law:	  
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D’Alembert	  equa1on	  

this	  is	  the	  law	  of	  second-‐sound	  propaga1on	  in	  superfluid	  Helium	  

equa1ons	  of	  mo1on	  
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predic1ons	  of	  the	  new	  theory	  

the	  coupling	  J	  can	  be	  measured	  through	  the	  order	  parameter	  	  	  	  	  	  :	  

the	  speed	  of	  propaga(on	  of	  the	  turn	  
must	  be	  larger	  in	  more	  ordered	  flocks	  
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	  	  	  	  	  	  both	  	  	  	  	  	  and	  	  	  	  	  are	  experimentally	  accessible	  quan11es	  
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speed	  of	  propaga1on	  of	  the	  turn	  across	  the	  flock:	  
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experimental	  test	  of	  the	  new	  theory	  
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why	  natural	  groups	  are	  so	  polarized	  ?	  

starling	  flocks	  have	  packing	  frac(on	  of	  the	  order	  of	  0.01	  	  
and	  polariza(on	  around	  0.98	  



the	  group	  is	  fragile	  during	  the	  decision	  

€ 

cs ~
1
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wavefront	  a	  large	  speed	  of	  propaga1on	  
keeps	  groups	  decoherence	  
to	  a	  minimum	  

to	  achieve	  a	  large	  speed	  of	  propaga1on	  
of	  the	  informa1on,	  a	  large	  polariza1on	  is	  	  
necessary	  



the	  link	  between	  swik	  decision-‐making	  and	  large	  polariza1on	  	  

may	  be	  the	  evolu1onary	  drive	  behind	  the	  strong	  ordering	  	  

observed	  in	  many	  living	  groups	  

conclusions	  

the	  mathema1cal	  equivalence	  between	  flocking	  and	  superfluidity	  

shows	  that	  symmetries	  and	  conserva1on	  laws	  work	  in	  biology	  too	  
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