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Introduction: Biological information processing

* Biological information processing is a non-equilibrium phenomenon where a
thermodynamic driving force (e.g., chemical potential difference in a cycle) exists.

Sensory adaptation

Active — [
a=1

Inactive

Methylation level

G. Lan, P. Sartori, S. Neumann, V. Sourjik & Y. Tu, Nature physics,

8, 422 (2012).

o - - @
O (o
o o

Circadian clock

ADP + Pi

A B

=V

ISk
R /r

ADP + Pi

C. R. McClung, Proceedings of the NatlonalAcademy of
Sciences, 104, 16727 (2007).

Membrane transport

Lactose d Exter or
(cargo) \ ( W (driver) Cytosol Cytosol

@@ @@ =
transporter transporter

(Lactose) (H")

S. Yoshida, Y. Okada, E. Muneyuki, & S. Ito, Physical Review
Research, 4, 023229 (2022).




Why must biological systems be non-equilibrium?

* In an equilibrium state

“Microscopic reversibility” [Microscopic basis of Onsager reciprocal relations]

(a(t)b(t + T))eq = (a(t + T)b(t))eq for any observables a(?), b(1)

[without odd degrees of freedom: a(), b(¢) are even functions of the velocities.]

L. Onsager, Physical review, 37, 405 (1931).

H. B. G. Casimir, Reviews of Modern Physics, 17, 343 (1945).
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There exists no directed information flow between a and b.




Why must biological systems be non-equilibrium?

* In a non-equilibrium steady state (NESS)

(a(®)b(t + 7))o F (a(t + 7)b(F)),., forsome observables a(f), b()

[without odd degrees of freedom: a(?), b(¢) are even functions of the velocities.]
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There exists a directed information flow between a and b.

The directed information flow is essential in biological information processineg.

e.g.), Signal transduction, cell cvcle, active motion ...etc.




This talk
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As a corollary, we rigorously proved
the numerical conjecture by Barato and Seifert (2017) for the number of coherent oscillations.
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Setup
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R: (n X n time-independent) rate matrix [R; = — Z Rii» Ri 2 0@ #))]
i#]

pS: Steady-state distribution[Rp* = 0]

e Cross-correlation Za

Cr, = (b(t + D)a())yess = ) bie™);pia,
,J
— Z b.a, pl.St +7 Z biaj?f i T O(7?%)
l L]

(‘71] — Rl]p jSt)

h
bb

R B — t
[ 14T



Measure of asymmetry

» Normalized measure of asymmetry y, ,

T Cl;[a - Zb o aTCbCl o aTCdb
Aba = lim — )
=0 1 \/ (Cz, — CO)(CE, — C9,) 2\/ (0.C,.)(0.Cpp) . C)
Decay of auto-correlations C(b)b N
\\C/T)/)
In a equilibrium state, y,, = 0 for any observables a, b Cop TS~
In a NESS, |y,,| > 0 for some observables a, b 04 ¢ —Co

0
Time lag 7



Measure of thermodynamic driving force
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Main result
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“Microscopic reversibility”
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P. Pietzonka, A. C. Barato, & U. Seifert, Journal of Physics A: Mathematical and Theoretical, 49, 34L.T01 (2016).
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(ii) Edges of every cycle are aligned with the stationary current.




Universal thermodynamic trade-offs

QO/T c In a equilibrium state, max & . = 0. Thus, y;,, = 0 for any observables a, b.
| 17, | < max — ce®
CEEF 2 T In a NESS, max & . # 0. Thus, y,, # 0 for some observables a, b.
CEEG*

[t explains how large the thermodynamic driving force must be needed to maintain the directed
information flow in biological information processing.
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Numerics
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Corollary : Rigorous proof of the numerical conjecture (2017)

Numerical conjecture (Barato-Seifert, 2017): ‘ /Iémax ‘ - tanh| gT,C /(2nc)]
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A sketch of the proof (1/3) - Geometric interpretation
(a, b))

(D Geometric interpretation of y,_
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A sketch of the proof (2/3) - Short-time-TURs-like inequality

(2) Short-time-thermodynamic-uncertainty-relations-(TURs)-like inequality
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A sketch of the proof (5/3) - Isoperimetric inequality
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Summary

» We derive a trade-off relation between the asymmetry of cross-correlations y, , and

a thermodynamic driving force # . tanh[F /(21)] 7

| 7, | < max < max —
CEG™* tan(ﬂ/nc) cEG* 2T

* Our result provides rigorous proof of the numerical conjecture by Barato-Seifert

(2017) for the number of coherent oscillations. A tanh[F /(2n)]

< max

27AR  cew* 2mtan(z/n)

* Our result may be useful for understanding how large the thermodynamic driving force must
be needed to maintain the directed information flow in biological information processing.
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