Dynamic Symmetry in Neuroscience: Order, Chaos, and the Brain’s Adaptive Edge
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Abstract: Dynamic symmetry theory proposes that complex systems thrive by continuously balancing order
and chaos, finding resilience and adaptability at the so-called “edge of chaos”. This paper explores how these
principles illuminate significant aspects of neuroscience, from the scale-invariant patterns of neural activity to
the emergence of consciousness and cognition. Drawing on recent research, including advances in dynamic
functional connectivity, symmetry-breaking, and criticality in cortical dynamics, we show how dynamic
symmetry provides a unifying framework for understanding the brain’s remarkable capacity for stability,
flexibility, and innovation.

1. Introduction

Dynamic symmetry theory explains how complex systems—whether in physics, biology, or society
—thrive by constantly balancing order and chaos. Rather than treating symmetry as a fixed or
perfect property, it describes symmetry as a dynamic process: systems adapt, recalibrate, and find
stability at the “edge of chaos”, where they are neither too rigid nor too random (Z,8,/0). This
principle helps unify our understanding of everything from subatomic particles to living organisms
and ecosystems, providing a common language for different fields. In neuroscience, dynamic
symmetry theory offers a powerful framework for understanding how the brain achieves both
resilience and adaptability, weaving stability and unpredictability into the fabric of cognition and
consciousness (9).

Dynamic Symmetry and Neural Criticality

The of the most striking applications of dynamic symmetry in neuroscience is the concept of neural
criticality. The brain is not a static organ; its activity is marked by ongoing fluctuations, oscillations,
and transitions between different states. Recent research suggests that the cerebral cortex operates
near a critical phase transition, a state where the governing laws of neural dynamics exhibit scale-
change symmetry (4). This means that the rules governing neural activity are similar whether
examined at the level of individual neurons or large-scale cortical networks. Such scale-change
symmetry is a hallmark of systems poised at the edge of chaos—a region where small changes can
lead to large, unpredictable outcomes, and where both stability and adaptability are maximised (/.4).

Experiments have confirmed that as a mouse awakens from anaesthesia, scale-change symmetry
emerges in cortical dynamics, indicating that the brain’s capacity for consciousness and complex
behaviour is linked to this dynamic balance (4). This criticality is not unique to the brain; it is
observed in other complex systems, such as the formation of galaxies or the behaviour of
ecosystems, further supporting the universality of dynamic symmetry (/,10).

Symmetry Breaking and Functional Brain Organisation

The brain’s ability to switch between different states—resting, attending, moving, speaking—
depends on its capacity to break and reform symmetries in its functional organisation. Recent studies
have shown that spontaneously fluctuating brain activity patterns at rest are organised by symmetry-
breaking processes in the brain’s network connectivity (3). Using computational modelling and
dynamical systems analysis, researchers have demonstrated that symmetry breaking creates
characteristic flows on the brain’s resting state manifold, producing features such as spontaneous
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high-amplitude co-activations, neuronal cascades, and multistability. These features are observed
across scales and imaging modalities, and when aggregated across cortical hierarchies, they match
empirical data from human neuroimaging (3).

In language processing, for example, the structural connectivity of the brain (the connectome)
determines the emergent synchronisation of mesoscopic regions involved in language function. The
transition from a resting state to active language use involves a process of network-symmetry
breaking, where the brain’s baseline symmetry is disrupted to enable lateralisation and specialisation
of function (6). This process is analogous to phase transitions in physical systems, where symmetry
breaking leads to the emergence of new properties and behaviours.

Dynamic Functional Connectivity: A New Framework

Dynamic symmetry theory also underpins recent advances in the analysis of brain connectivity.
Dynamic Functional Connectivity (dFC) captures how pairwise interactions across brain areas
change over time, reflecting the brain’s ability to adapt to different tasks and environments2. The
DySCo (Dynamic Symmetric Connectivity Matrix) framework provides a unifying approach to
studying brain signals at different spatio-temporal scales, from whole-brain networks down to the
voxel levelz. DySCo allows researchers to quantify the amount of connectivity, the similarity
between connectivity patterns, and the informational complexity of brain dynamics, all within a
single theoretical framework.

This approach has been validated on both synthetic datasets and experimental paradigms, such as the
fMRI Human Connectome Project, demonstrating that measures derived from dynamic symmetry
are highly sensitive to changes in brain configurations (2). By providing a computationally efficient
and theoretically robust method for analysing brain dynamics, DySCo exemplifies how dynamic
symmetry theory can drive innovation in neuroscience research.

Consciousness, Complexity, and the Edge of Chaos

Perhaps the most profound implication of dynamic symmetry in neuroscience is its relevance to
consciousness. Consciousness is not a static property but a dynamic process, sustained by the brain’s
ability to coordinate and reconfigure activity across distant cortical regions (2). Studies have shown
that healthy individuals and minimally conscious patients exhibit dynamic patterns of coordinated
and anticoordinated brain signals, while unresponsive patients show reduced complexity and lower
chances of transitioning between patterns (). Anaesthesia further reduces the complexity of brain
dynamics, supporting the idea that consciousness depends on the brain’s capacity to sustain rich,
dynamic activity at the edge of chaos.

This perspective aligns with dynamic symmetry theory, which posits that the most resilient and
adaptive systems operate at the boundary between order and chaos (/,8,9). In the brain, this “sweet
spot” allows for both stability and flexibility, enabling perception, emotion, and cognition to unfold
in response to a constantly changing environment (5,7). Neural signals combine, dissolve,
reconfigure, and recombine over time, allowing the brain to tune itself to new challenges and
opportunities.

Self-Organisation and Emergence in Neural Systems

Dynamic symmetry theory highlights the self-organising nature of neural systems. Order can
spontaneously emerge from apparent chaos through local interactions and feedback loops, without
the need for central control (/,/0). This principle is observed in the development of neural circuits,
the formation of functional networks, and the adaptive reorganisation of the brain following injury
or learning. Emergent properties such as perception, memory, and consciousness arise from the
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collective dynamics of billions of interconnected neurons, each following simple rules but together
generating complex, adaptive behaviour.

Non-linear effects are also a key feature of neural dynamics. Small changes in neural activity can
sometimes lead to large, unpredictable outcomes, challenging traditional notions of cause and effect
(1). This non-linearity is crucial for understanding phenomena such as epileptic seizures, where a
minor perturbation can trigger widespread synchronisation, or creative insight, where a subtle shift
in neural connectivity can produce a sudden breakthrough.

Bridging Structure and Function: Symmetry in the Connectome

A longstanding challenge in neuroscience is to explain how the structure of the brain determines its
function. Recent work suggests that a symmetry theory of the connectome can shed light on this
relationship by predicting the synchronisation of brain regionss. The structural network of the brain
constrains the patterns of functional connectivity that can emerge, but these patterns are not fixed;
they are shaped by ongoing symmetry-breaking processes as the brain switches between different
states and tasks.

For example, during language processing, the brain’s baseline connectome displays a global group
symmetry that switches to a local fibration symmetry to sustain resting state synchronisation. This
symmetry is further broken by activity-driven lateralisation during language tasks, allowing the
brain to recruit communication resources across different statess. Such findings illustrate how
dynamic symmetry provides a framework for understanding the flexible, context-dependent
relationship between brain structure and function.

Implications for Neuroscience and Beyond

Dynamic symmetry theory offers several extraordinary insights for neuroscience. It reveals that the
brain’s adaptability, resilience, and creativity are not the result of rigid control or random fluctuation,
but of a continuous negotiation between order and chaos. This principle allows for both stability and
adaptability, essential characteristics for the evolution and persistence of complex neural systems
over time and across various scales of observation (/,/0).

By providing a unifying language for describing complex systems, dynamic symmetry theory
bridges gaps between different domains of neuroscience, from molecular signalling to whole-brain
dynamics. It challenges researchers to rethink traditional distinctions between structure and function,
stability and change, and to seek new ways of understanding the brain’s remarkable capacity for
self-organisation and emergence.
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