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Order	under	fluctuations



Nature/Nurture/Chance

Dizygotic	twins

Monozygotic	twins

Clonal	cells

(Elowitz et	al.,	Science	2002)



Information	processing	under	noisy	environment

(Liesbeth Veenhoff)

Hidden	degrees	of	freedom

Fundamentally	stochastic

Nonlinearity	(chaos)

“Uncertainty”



How	living	systems	overcome	uncertainty	(fluctuations)?

Large	number’s	law Time	(predictability)

Quorum	sensing Signal	cascade Oscillation



Noise	is	sometimes	useful

Source	for	energy

Molecular	diffusion Stochastic	resonance

Source	for	evolution

Mutation

(Murdachaew et	al.,	Phys.	Chem.	Chem.	Phys.,	2012) (Yang	et	al.,	J.	Phys.	A,	2009) 50,000	generation	of	E.	coli	since	1988
(Richard	Lenski)



Stochastic
thermodynamics

Sekimoto,	Seifert,	…

Non-equilibrium
thermodynamics

Jarzynski,	Crooks,	…

Information
thermodynamics

Ueda,	Sagawa,	…

What	is	life?



Irreversible,	entropy-producing,	non-equilibrium	processes



one mistake for every 107 nucleotides added



Free energy dissipation under non-equilibrium conditions

Fluctuation dissipation theorem under equilibrium conditions



Energetic cost for accurate signaling



Energetic cost for accurate oscillations



Information	entropy



Energetic	cost	for	learning



Youtube

Dynamics

Chemical	&	mechanical	mechanisms

Function	(accurate	delivery)	

Energetic	cost?



Thermodynamic	uncertainty	relation	(2015)

Youtube
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(Barato and	Seifert,	PRL	2015)



Brownian	clock

(Barato and	Seifert,	PRX	2016)

𝑘" = 𝑘<"𝑘2"𝑘="𝑘>"

𝑘# = 𝑘<#𝑘2#𝑘=#𝑘>#

𝒬 = 𝑞	(𝑡)
𝛿𝜃2

𝜃 2 ≥ 2𝑘*𝑇

𝜃:	displacement,	time,	product	number,	heat,	…



Noisy	oscillator

Langevin equation
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𝑑𝜃U
𝑑𝑡

= 𝜔U +
𝐾
𝑁
Xsin(𝜃[ − 𝜃U)
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Interacting	oscillators

Kuramoto model



𝑑𝜃U
𝑑𝑡

= 𝜔U + 𝐾UXsin(𝜃[ − 𝜃U)
�

U,[

Conformist,	contrarian	oscillators

(Hoang,	Jo,	and	Hong,	PRE	2015)



Cellular	oscillators

(Hoang,	Hara,	and	Jo,	PLoS ONE	2015)



(Mohawk	and	Takahashi,	Trends	in	Neurosciences,	2011)

Clock-cell	oscillators



Energy-accuracy	trade-off	of	interacting	subsystems
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Conservative	interaction
𝒬cde

𝐾

2𝑘*𝑇
?



Strong	coupling	limit	(𝐾 → ∞)

𝑑𝜃<
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𝑑𝜃U
𝑑𝑡
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𝐾
𝑁
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𝒬cde = 𝑞U
𝛿𝜃U2

𝜃U 2

𝒬cde

𝐾

2𝑘*𝑇
?

𝑘*𝑇

Energy-accuracy	trade-off	of	interacting	subsystems
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Analytical	approach 𝑃(𝜃<, 𝜃2, 𝑡)
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Many	oscillators

0.01

0.1

1

10

0 5 10 15 20
0

0.2

0.4

0.6

0.8

1

24 8 16 32

(b)(a)

Q
su
b
/k

B
T

K

2
4
8
16
32

Q
su
b

m
in
/k

B
T

N

𝛿𝜃<2 =
∑ 𝛿𝜙U2\
U]<
𝑁2 ≈

𝛿𝜙<2

𝑁2 =
2𝐷𝑡
𝑁

𝜙< = 𝜃< + 𝜃2 +⋯+ 𝜃\ 𝜆< = 0

𝜙U = 𝜃< − 𝜃U 𝜆U < 0 (𝑖 ≠ 1)

𝒬cde = 𝜎
2𝐷
𝑣2

=
2𝑘*𝑇
𝑁

𝑑𝜃U
𝑑𝑡

= 𝜔U +
𝐾
𝑁
Xsin 𝜃[ − 𝜃U + 𝜂U

\

[]<

𝑑𝜃U
𝑑𝑡

= 𝜔U +X𝑀U[𝜃[

\

[]<

+ 𝜂U



Collective	dynamics
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Summary

• Non-equilibrium	thermodynamics,	stochastic	thermodynamics,	and	information	
thermodynamics	provide	new	languages	for	understanding	thermodynamic	
(energetic	and	informational)	aspects	of	rich	and	collective	dynamics	of	living	
systems	(e.g.,	learning,	computation,	memory,	…).

• Thermodynamic	constraints	are	important	for	designing	efficient	molecular	
machines/robots	operating	under	thermal	fluctuations.

• The	energetic	cost	for	operational	accuracy	can	be	reduced	by	the	cooperation	
between	subsystems.




