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Basic notions of stochastic thermodynamics

Work, heat and Entropy as functionals of a trajectory

Work:dw = aHﬂa(;((t)) Adt Heat: dq = OH, (X))
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First Law in stochastic thermodynamics

First Law: energy balance for a trajectory
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Timeline of the second law

» Maximum Work Principle (1876)
(W)= AF

» Fluctuation-Dissipation relation . I P I

(1950)
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» Jarzynski equality (1997) »Crooks Fluctuation Theorem (1998)
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What Is the origin of fluctuation theorems?

Impossible to test it in experiment!

Microscopic reversibility [5+5=°I: p
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How about it if we do a little bit coarse-graining?
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Proof of the microscopic reversibility

e Path integral representation

— "Boltzmann factor for a whole trajectory”
it
Pl ~ exp [- [ dr ¢*(r)/aD]
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— “time reversal” (7)) =z(t —7) and A(7) = A(t — 7)

— Ratio of forward to reversed path
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L. Onsager, S. Machlup, Phys. Rev. 91, 1505 (1953).



Differential fluctuation theorem (DFT)

» DFT version 1 (2000, Jarzynski) Bl QW P
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The most detailed fluctuation theorem that can be tested experimentally.

» DFT version 2 (2008, Karplus) 2
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Hierarchy of fluctuation theorems
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FF; =g ) A generalized JE A generalized JE
- (W) for delta initial for arbitrary

PEW.%-%X) — o= BW-AF) distribution [*! initial states (2

Differential
fluctuation
theorem 7]

Microscopic

Crook fluctuation ]amynslﬂ equality
reversibility (¢! :

theorem Bl

<5(f — rr)e_ > p— Hummer-Szabo

relation [

Coarse-Graining

---------------------+

Z. Gong, HTQ, Phys. Rev. E 92, 012131 (2015)



[13] 2. Liphardt, et al. Science 296, 1832 (2002).
[14] D Coflin, et al Mature (London) 437, 231 (2005).
- o [15] A. M. Gupta, et al. Matune Physics 7.621 (2011).
revious experiments e e e e
[17]D. ¥. Lee. et al. Phys. Rev. Lett. 114, 060603 {2015}
[24] 1. P. Pekola, Nat Phys. 11, 118 {2015).
[25] & singh, et al s TI2 0T ERR (2017,

Stretching RNA molecules *3-%51  Electronic circuit #*=%1  Brownian particle trapped in water #5471

ik
*’W et \J”




Experimental test of Jarzynski’s equality

e Nano-world Experiment: Stretching RNA

[Liphardt et al, Science 296 1832, 2002.]
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Arthur Ashkin
“Optical tweezer”

Key application:
Study of Stochastic
thermodynamics
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The Nobel Prize in Physics 2018

mehed Miobal Media

Arthur Ashkin

KPrize share: 1/2 /

Mikine Elmetied moahel AMaedis 2], Miklas Efmahngd Mobel Media

Gérard Mourou Donna Strickland

Prize share: 1/4 Prize share: 1/4

RNA molecules under mechanical force [36]. Force-extension curves for an RNA molecule were

subsequently used for the first experimental test i&él of Jaﬂski’s Eﬂ!ualiﬂ in stochastic
istributions to equilibram free energy

thermodynamics, which relates nonequilibrium wor

differences [38].



However, the experimental test of the differential
fluctuation theorems requires that the measurement of
the instantaneous velocity of the Brownian particle

T. Li et al Science, 328, 1673 (2010)



and it was thought to be impossible task by Einstein in 1907

A. Einstein . Zeit. F. Elelktrochemie. 13, 41-42 (1907).
translated in A. Emstein. Investigations on the Theory of the
Browmnian movement. Dover. New York.1956
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Technical breakthrough:

o
<

80F

40}

I~
at

0
1 -40}

Position (nm)
8 5 o

1 -80}

—
1 A

Tongcang Li

Velocity (mm/s)

1
i
A L A

......... ' e — (Purdue University)
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Measurement of instantaneous velocity of a Brownian Motion



Our experiment

Silica nanosphere levitated in
AIR using optical tweezers 1521

We can study the thermodynamics
of the phase space.
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Measurement of the instantaneous velocity
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Qur GXperiment : FTEE bk B & Cpteg I

* In air, room temperature (296K)
H(x,v,t) =ska® — f(x +5mv?> B x(nm)
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* Challenges of our experiment: o5 |
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»\ery large statistics t,  Forward & fy Reverse t, Time

> one million cycles, 500 us /cycle

~10* data points in the phase space with 10 MHz acquisition rate
» Track individual trajectories in the phase space (instantaneous velocity measurement)



Test the differential fluctuation theorem

* Underdamped regime (50 Torr) B x({nm)
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Test the differential fluctuation theorem

* Underdamped regime (50 Torr)
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Test the GJE for delta distribution and the HSR
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Test the GJE for arbitrary initial states

* (GJE for arbitrary initial states
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Data in the overdamped regime

* Overdamped regime (760 Tor
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Synopsis: Fluctuation Theorems Tested
with a Levitating Bead

February 22, 2018

Motion measurements of a nanosized bead—held aloft in an optical trap—confirm
thermodynamic theories that describe fluctuations of microscopic objects.

PHvs‘g.ya

Researchers validate several fluctuation
theorems for first time

23 February 2018, by Kayla Zachanas

A team of researchers from Purdue and Peking




Summary

* Test the DFT and the GJE in both underdamped and overdamped regimes
* The most detailed fluctuation theorem that can be tested in experiment
* DFT can unify most of the FIs
* Length of time’s arrow 1211

* Unprecedentedly detailed level

* Technique to generate arbitrary initial states

* Post-selection of trajectories

* QOutlook: extension to quantum regime 12.23]
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