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Abstract

Across physics, biology, cognition, economics, and modern computation, governing equations
are globally defined and mathematically well-posed. Yet stable, interpretable, and emergent
behavior appears only within restricted regions of operating conditions. Outside these regions,
systems exhibit instability, divergence, chaos, or loss of structure — despite no failure of the
underlying equations.

Regime Theory: The Theory of Emergence formalizes this structural asymmetry without
introducing new physical laws. It distinguishes:

e State-level dynamics — what evolves,

e Regime-level dynamics — whether evolution remains viable.
Three measurable regime quantities are introduced:

e Stability, expressed in stable units derived from dimensionful observables,

e Compatibility, expressed in compatible units measuring structural interoperability,

e FEmergence, expressed in emergence units defined as the product of stability and compati-

bility.

We introduce regime fields, regime projection, and the Regime Differential Equation (RDE) gov-
erning meta-dynamic drift in control-parameter space. Emergence exists if and only if stability
and compatibility remain jointly positive. Symmetrically, collapse occurs when either quantity
vanishes.

Regime Theory explains why equations remain globally valid while both emergence and
collapse occur locally in regime space.



1 Introduction

Nonlinear dynamical systems arise ubiquitously across natural sciences, engineering, social systems,
and computation. Fluid flow, quantum fields, chemical reactions, biological development, neural
activity, markets, and learning algorithms are governed by compact equations that are globally
defined and mathematically precise.

Yet the behaviors produced by these equations are non-universal. Small parameter changes can
trigger qualitative transitions:

e Stability or collapse
e Predictability or chaos

e Persistence or failure
This motivates the central thesis:

Stability, compatibility, emergence, and collapse are properties of operating regimes — not
intrinsic guarantees of equations.

Equations define what is possible. Regimes determine what persists — or fails.

2  Why Equations Exist but Solutions Fail

Across domains, breakdown occurs without equation invalidation:

e Navier—Stokes equations persist globally, yet turbulence arises beyond critical Reynolds regimes.

e Quantum field theories exist formally at all couplings, yet solvability collapses at strong
coupling.

e Einstein’s equations remain valid, yet singularities signal structural breakdown.

e Optimization rules exist globally, yet learning converges only within bounded hyperparameter
regions.

e Biological systems destabilize outside narrow physiological ranges.

These failures reflect loss of regime stability or compatibility — not incorrect equations.

3 Structural Dynamics vs Regime Dynamics

3.1 State-Level Dynamics

Let
D(x,t) € H (1)
denote a nonlinear state field.
We consider evolution equations of the structural class:
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This canonical structure includes reaction—diffusion systems, Fokker—Planck dynamics, neural field
models, ecological systems, quantum effective dynamics, and inference systems.

These equations may remain valid even when meaningful behavior collapses.

State dynamics describe motion. They do not guarantee persistence.



3.2 Regime-Level Dynamics
Define dimensionless control parameters:
a=(ag,...,ap), (3)

constructed from ratios of competing structural effects.
Operating conditions evolve according to the Regime Differential Equation (RDE):

o = Rla, Z[@]£(1)). (4)

The RDE governs:
e Regime drift
e Stabilization
e Destabilization
e Regime entry
e Regime exit

State dynamics determine how systems evolve. Regime dynamics determine whether evolution
remains viable.

4 Control Parameters and Regime Space

Regime states are represented as:
a(t) € R™. (5)

Control-parameter space partitions behavior into:

e Interior viable regions
e Transition layers

e Unstable or incoherent regions

4.1 Regime Fields
A regime field maps measurable state-level observables into regime space:
Reeld : 2[P] — «a, (6)

where observables include:

e Lyapunov exponents

e Entropy production rates

e Coherence decay rates

e Variance amplification

e Information flow

Regime fields are diagnostic and derived from measurable dynamics. They do not modify physical
equations — they interpret them structurally.



4.2 Regime Projection
Define the Regime Projection Operator:
Preg : L[®] — a. (7)
Regime projection performs dimensional reduction:
High-dimensional state behavior — Reduced control-parameter representation.

It enables:

e Identification of interior viable regions

e Detection of proximity to regime boundaries

e Quantification of stability margins

e Early warning of collapse

e Prediction of regime transitions

Projection reveals viability structure without altering underlying dynamics.

5 Stability (Stable Units)

Stability derives from measurable observables with physical units:
e Lyapunov exponents (time™!)
e Entropy production rates (time™1!)
e Variance amplification rates
e Coherence decay rates

These define stable units — measurable resistance to perturbation.
Define normalized deviation: o

i

Define regime stability:
S(a) = exp(—ZwﬂAEﬂ) . (9)

Stability is measurable and experimentally derivable.



6 Compatibility (Compatible Units)

Compatibility measures whether a stable structure remains interpretable across:
e Interfaces
e Observers
e Scales
e Representations
e Subsystems
Compatible units may derive from:
e Projection amplitudes
e Mutual information (bits)
e Structural overlap integrals

e Cross-scale coherence measures

Define:
Cla) € [0,1]. (10)

Compatibility may decay under structural complexity growth:
C(t) = e ™0, (11)

Compatibility preserves meaning across descriptions.

7 Emergence (Emergence Units)

Emergence represents persistent structured behavior that is:
e Stable
e Interpretable
e Coherent across interaction

Define the Master Emergence Functional:

E(a) = S(a) - C(a). (12)

Emergence units are defined as the product of stable units and compatible units.

7.1 Emergence—Collapse Condition

E>0 < S>0andC>0. (13)

If either stability or compatibility vanishes, emergence collapses.

Emergence corresponds to interior regime regions. Collapse corresponds to regime boundary
crossing.

Emergence and collapse are symmetric regime phenomena.



8 Coupled Stability—Compatibility Dynamics

Introduce nonlinear coupling:

dC
= = AC+~S 14
7 + 78, (14)
ds
= — S+ nC. 15
g wS +m (15)
Critical threshold:
ny > A (16)

If satisfied — interior viable regime. If violated — collapse.
This produces bifurcation behavior analogous to phase transitions.

9 Complexity and Regime Exit

Let structural complexity evolve as:

aKc K
_ o\ ek 1
o A — e (17)

Compatibility:
C=ek (18)

If complexity growth exceeds stabilizing feedback:
e Compatibility decays
e Stability weakens
e Emergence collapses
Applications include:
e Black hole complexity growth
e Information scrambling
e Learning saturation
e Ecological tipping points

Complexity growth may drive regime exit without altering governing equations.

10 Conclusion

Regime Theory: The Theory of Emergence provides a structural framework explaining why non-
linear systems exhibit both emergence and collapse despite globally valid governing equations.
The theory separates:

e State dynamics, which determine how systems evolve, from

e Regime dynamics, which determine whether that evolution remains viable.



10.1 Emergence

Emergence occurs when operating conditions enter an interior regime in which:

e Stability remains positive in stable units,

e Compatibility remains positive in compatible units,

e Structural coherence persists across interaction and scale.

Emergence is regime entry — not equation replacement.

10.2 Collapse

Collapse occurs when operating conditions cross regime boundaries such that:

e Stability approaches zero, or

e Compatibility approaches zero.

Collapse is regime exit — not equation invalidation.

10.3 Structural Symmetry

Emergence and collapse are not equation-level events. They are regime-level transitions.
Equations define what is possible. Regimes determine what persists.
Regime Theory reframes both creation and breakdown as navigation in control-parameter space
rather than discovery or failure of laws.
Emergence and collapse are symmetric consequences of stability—compatibility structure.
They are regime phenomena.
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