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Fluctuations, ... a signature of being alive? [sic]

Murmuration of starlings holds the key to the essence of ...

“Einstein-Smoluchowski relation”
~ a fluctuation-dissipation theorem

Robert Brown (1827) Albert Einstein (1905)
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Being alive, ¢ Nonequilibrium steady state

what's special? Struggle against detailed balance* through energy dissipation

Tamas Vicsek et al., (1995) Phys. Rev. Lett.

Disordered gas Microphase separation Polar liquid

U (1) symmetry breaking =» 2-dimensional long-range order (Mermin-Wagner violated)

Emergence of Non-Neuronal Intelligence

Video credit: Prakash Lab (Stanford)

Trichoplax adhaerens

® Amoeba crawling?
e Directed gliding by coordinated beating of cilia
e Neither neurons nor muscles*

¢ Active noise in every scale of life processes: metabolism, allostery, ecology

Active
Matter
Physics

Nonequilibrium is a big deal for...

e Long-range order in low-dimensional systems
e Homeostasis: sustained biological steady state
e Chemotaxis: microbial information processing
® Not for free: thermodynamic cost of information
Being alive is not about staying balanced in equilibrium

but about actively maintaining balance through
nonequilibrium processes

Chemotaxis of earlier multicellular organisms?

C, H, O, N, etc.

> Macromolecules

> (Autocatalysis/Replication) > Single-celled organism
> (Emergence of intelligence) > Multicellular organism
> (Nervous system) > “Higher” organisms




Swarm Intelligence in Microbial Systems
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Colloidal Heat Engine: a Microscopic Stirling Engine I

A microscopic single-bath heat engine, comprising a single colloidal particle subject to a time-dependent optical trap

A gas particle in a box

Engine

% % K \ ® Work extracted from a single heat bath: P m—

o Blickle & Bechinger, Nat. Phys. 8, 143 (2012)
o Roy et al., Nat. Comm. 12, 4927 (2021) }
... thanks to the reduced entropy of Universe?! > »

o Krishnamurthy et al., Nat. Phys. 12, 1134 (2016)
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® How to save the 2nd law?

Erasure!
R R
_ _ Memory 0 0
é E, L L T T I ———
5 I “Information is Physical’
8 ; *Landauer’s principle:

Erasure of one bit of information must be accompanied by at least kg T In 2 heat dissipation (+external work).
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Information Engine Operating in an Active Reservoir Information Engine: Bringing Maxwell’s Demon in a Single Bath

® EOM for a Brownian particle in active bath

tems

s e Key challenge:
5 Memory-preserving feedback:

® Average work extraction per cycle
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Summary Research Goals: Emergence of Intelligence

e UNIST Center for Soft and Living Matter
Eme of Int

e A modern perspective on “What is Life?” through the lens of NESM
Observation, reconstruction and control of swarm intelligence

e NESM perspectives on “Fluctuations to Functions”
- Active matter
- Emergence of intelligence
- Biological information processing

in microbial systems

Understanding swarm intelligence emerging from the
collective behavior of active matter

- Design principles for high-performance information engine
- Swarm intelligence in distributive systems
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» Biophysics
> Active matter

» Nonequilibrium statmech

 Pushing the boundaries of nonequilibrium statistical mechanics
to cover intelligent active matter.

+ Developing control pripgirlgs for bioinspired designs powered

Collaboration wanted, and we mean it! by swarm intelligence

cmghim@unist.ac.kr
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A Big Question: Emergence of Intelligence

“... What an organism feeds upon is
e entropy. Or, to put it les
ly, the essential thir

succeeds in freeing itself from all the
entropy it cannot help producing
while alive ...”

“Fantastic Four” (2025)

® What Schrodinger only hinted at, but never fully unpacked,
s the thermodynamics of systems far from equilibrium.

® If we really want a solid, quantitative, physics-based
understanding of life, the first stop is the study of
nonequilibrium statistical mechanics (NESM) in active matter.

® A goldmine at the x-roads of information theory and NESM:
emergence of intelligence. Let’s dive into swarm intelligence
—how it showed up even before nervous systems evolved!
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[1] Information Thermodynamics of Chemotaxis
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Optimal trade-off between sensing accuracy and

thermodynamic cost, as per Landauer’s principle? Tu group, Nat. Phys. 2012
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Single-cell RNA sequencing
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Bdellovibrio attac
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Microwell 28 ZAI%. Sci. Rep. 6, 33883 (2016)

“Fantastic Four” Our Experimental - Analytical - Al Platforms (1)
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+ Sejong University (2025-) + UNIST (2015-)
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+ Postdoc: Diisseldorf, Jiilich, KIAS (~2025)
- PhD in Physics, SNU (2020)

« Postdoc: UPenn (~2014)
+ PhD in Physics, KAIST (2012)
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Our Experimental - Analytical - Al Platforms (2)
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Pedestrian tracking through Deep Sort
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