Emergent Properties
Systems Thinking - Module 5 — Emergence

Node 5.1

Position in Knowledge Graph

This node formalizes emergence as a structural property of interacting dynamical systems.
It builds on: - Network Robustness (4.5)

It prepares for: - Self-Organization (5.2) - Complex Adaptive Systems (6.1)

Emergence describes macroscopic structure not reducible to isolated component behavior.

Formal Statement / Definition / Construction

Let a system consist of n interacting components with states:
z=(x1,...,2,) € X CR".

Dynamics are given by:

i?i:fi(Il,...,In), 121,,TL

Let a macroscopic observable be defined as:

M : X — RF.

Definition (Emergent Property)
A property P of the system is emergent if:

1. P is defined at the level of M (z),
2. P cannot be expressed as a function of any single component state x; alone,
3. P arises from interaction terms in the dynamics.

Formally, if:

%7&0 for some i # j,
&rj

and the property disappears when interaction terms are removed, then the property is interaction-dependent.




Assumptions and Conditions

1. System contains at least two interacting components.

2. Interaction graph is nontrivial.

3. Emergent property is invariant under relabeling of components.
4. The macroscopic observable M is many-to-one (coarse-graining).

No claim is made about reducibility in principle; definition concerns structural dependence.

Proof or Mathematical Development
Interaction Removal Argument

Let the interaction-free system be:
&y = gi(ws).
Suppose emergent property P is observed in:

.fi = fi(xl, e ,l‘n).

If replacing f; by g¢; eliminates P, then P depends on interaction structure.

Example: Synchronization

Consider coupled oscillators:

Define order parameter:

If K =0, oscillators evolve independently.
If K > 0 and sufficiently large, » — r* > 0, indicating collective phase coherence.
Synchronization is not a property of any single oscillator; it arises from coupling.

Thus synchronization is emergent.

Structural Role
Emergent properties:

o Exist at macroscopic scale.

e Depend on interaction topology.

e Are not present in isolated components.

e Often correspond to new invariant structures.



They link micro-dynamics to macro-structure.

Structural Compression
Invariant
Emergent property depends on interaction terms:

Ofi
83:j

£0.

Mechanism
Coupling generates macroscopic order via nonlinear interaction.
Cross-System Echo

o Physics: phase transitions.

e Biology: flocking and neural synchrony.
¢ Economics: market coordination.

e Networks: consensus formation.

Systems Thinking - Module 5 — Emergence - Node 5.1
Concepts: emergence, dynamical-systems

Prerequisites: 4.5
Enables: 5.2, 6.1
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