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A General Definition of Emergence

A system has emergent properties when
an effective theory of the system at some scale,
or level of organization, is qualitatively different

from the lower-level theory
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One Kind of Emergence

A system is emergent when the symmetries of the 
lower-level theory are violated under aggregation
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Topics
Symmetry

Permutations, Shifts, and Finite Group Theory
Invariances of Equations of Motion

Continuous Symmetries
Semigroups & “approximate” Symmetries

Symmetry Breaking
Essential vs. Spontaneous

Navier-Stokes & Turbulent Symmetry Breaking
Symmetry Restored?

Phase Transitions
Ising and XY Models

Annealing vs. Domain Wall Formation
Effective Theories for Defects

Emergence Defined

Signatures of Emergence in Animal Society
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Essential Symmetry Breaking

H(σi, σj) ∼




1 0 0
0 1 0
0 0 1





H(σi, σj) ∼




2 0 0
0 1 0
0 0 1





S3 → Z2
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Continuous Symmetries

all rotations in 3 dimensions
a.k.a., O3

only rotations in 2 dimensions
a.k.a., O2

discrete rotations in  2 
dimensions

a.k.a., Zn 
(where n is the number of 

longitude marks.)

O3 → O2 → Z2
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Navier-Stokes Equation
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Symmetry: flip x position, y velocity

Uriel Frisch, Turbulence
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Navier-Stokes Equation
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Symmetry: flip x position, y velocity ...upon turning on non-linear term

Uriel Frisch, Turbulence
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Navier-Stokes Equation
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y symmetry still exists...
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y symmetry still exists... suddenly broken!
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Pablo Navarrete Michelini, University of Chile

Control Parameter

Reynold’s Number Re =
L V

ν
System Dissipation

Characteristic Velocity and Length Scales
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Pablo Navarrete Michelini, University of Chile

Control Parameter

Reynold’s Number Re =
L V

ν
System Dissipation

Characteristic Velocity and Length Scales
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What is your symmetry?
discrete? Fully symmetric? Cyclic? A pair of cycles? A set of Nash Equilibria?

continuous? A real number? A vector?
[a fundamental mechanism question]

What is your interaction?
pair wise? (neighbours on a graph, cars in a line?) Mean field? (Well mixed population?)

Higher-order? (Cooperative effects, spatial structures...)
[a fundamental mechanism question]

What is your control parameter?
Noise? Dissipation?  Penalty for failure?

 Strength of interaction? Of pairwise:triplet interaction ratio?
[when the system shows emergence]
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Broken Symmetries 
& Topological Defects
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The Cost Function of the Ising Model

H[{σi}] = −
�

i,j

Jijσiσj

Z2 symmetry (flip all +1 to -1, and vice-versa)
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Erdős-Renyi Random Graph
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Pigtail Macaques at Emory
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Lattice
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What is your symmetry?
Each node can be “up” or “down”, and the cost is invariant if you flip everyone at once

(Z2 symmetry)

What is your interaction?
pairwise interactions between neighbours on a lattice, that promote sameness 

(nodes want to be in the same state)

What is your control parameter?
noise (“temperature”) — higher noise means influence of neighbours

is small

Ising Summary
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[Ising Simulation]
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Topological Defects

Cambridge / DAMTP 
(see E.P. Shellard et al.)
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More Elaborate Symmetries

Vortex Images: Käser, Maier & Rautenkranz (2007)
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Annealing

many defects:
(quenched)

strong, but brittle
— hard to cleave

few defects:
(annealed)

ductile, flexible
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What is your symmetry?
discrete? Fully symmetric? Cyclic? A pair of cycles? A set of Nash Equilibria?

continuous? A real number? A vector?
[a fundamental mechanism question]

What is your interaction?
pair wise? (neighbours on a graph, cars in a line?) Mean field? (Well mixed population?)

Higher-order? (Cooperative effects, spatial structures...)
[a fundamental mechanism question]

What is your control parameter?
Noise? Dissipation?  Penalty for failure?

 Strength of interaction? Of pairwise:triplet interaction ratio?
[when the system shows emergence]

updated worksheet: check wiki, or http://santafe.edu/~simon/practical.pdf
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the Spin Glass
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Memory & the Rugged Landscape

Thursday, June 30, 2011



Memory & the Rugged Landscape
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Memory & the Rugged Landscape
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Memory & the Rugged Landscape
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Memory & the Rugged Landscape
[one of many] 
ground states
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Sickness & Health
high-temperature
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Salamanders!
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Critical Opalescence

ensteps(β−α)
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α, β not balancing
above critical temperature

Balance! (Power law)
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Critical Opalescence
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Critical Opalescence

Thursday, June 30, 2011



Critical Opalescence
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