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“Rigor of theoretical physics provides guidelines 
and testable predictions for realistic applications.”  

—Giulio Biroli et.al 
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Rigor helps Clarity
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https://arxiv.org/abs/2306.11232



Challenges in understanding 
consciousness
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When we perceive, think and act,  there is a whir of 
causation and information processing . . . . . . There is 
also an internal aspect; there is something it feels like 
to  be  a  cognitive  agent.  This  internal  aspect  is 
conscious experience. 
Chalmers, D. J. [1997] The Conscious Mind: In Search of a Fundamental Theory 

Subjective experience relates to feelings associated with stimuli

Arxiv: 2401.13690

“य़ᚏአᤈۖ༄ḵٌᦡ” 
Buzsáki҅The brain from inside out 
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Science typically studies the third person 
aspect, you know, I can take a brain of a 
mouse and poke it, put it in the scanner and 
record from the individual neurons, etc. But 
consciousness is about how the system feels 
from the inside. So that's always been the big, 
the big challenge.

Christof Koch

Consciousness, which we can define as 
experience -- your experience both of 
yourself and of the world around you -- 
is one of the hardest to pin down

How neural interactions support conscious experienceҘ

deep sleep҅anesthesia҅death
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Life 3.0
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PNAS, 2022

Lempel–Ziv Complexity 

The amount of 

non-redundant  information

 in a signal 

Largest LE
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Metaphor (toy model) of brain dynamics

Synaptic currents Connectivity

Characteristics:  
Asymmetric, correlated synapses, non-linear dynamics [Non-gradient dynamics]

Daniel Marti et.a., PRE 18’



Equilibrium limit
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T = �2/2Symmetric, Linear dynamics:

Lyapunov Function decreasing over dynamics

arxiv: 2305.08459



More complex cases
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Steady state:
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Jss = FPss �r · (DPss)

Non-equilibrium potential

Divergent free flux:

Curl force

Diffusion matrix of stochastic noise 
e.g., background activity

Probability conservation

Jin Wang and his colleagues, PNAS 2013

But: hard to get U(x), and steady state  
probability generally unknown



Intuitive illustration
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The phase space is partitioned into different regions of different speeds 

ҁ4҂
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Rationale underlying the intuition

The force is not a gradient of a potential, but approaches the true 
dynamics in the steady state limit!

Therefore:

!!We can formulate the steady state behavior as the canonical ensemble of stationary fixed points!! 

Order parameters for non-gradient dynamics

Impact on neighbors



Free energy for non-equilibrium 
steady state/NESS
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Quenched disorder over J

Replicated dynamics states

Constraining norm of activity



Order parameters

14

A response field inspired by DMFT [2305.08459]

Response property of the dynamic system 

Activity level of the dynamic system

Technical note:  
Q and R emerges naturally from disorder average!



Theory summary
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Single variable effective Hamiltonian

Replica symmetry Ansatz:



Result I: energy
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Result II: order parameters

17

Continuous transition to chaos!

Response R & r peaked at the transition point 

!!The steady dynamics is more responsive 
 at the edge of chaos!!



18

Result II: order parameters



Result III: scaling behavior
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