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Background:

» Carnot, Stirling Engine like protocols on Brownian particle
(theory + experiments)
» Typically consists of two isotherms and two adiabats.
» Two temperatures involved.
» Expansion/Compression steps are performed using an Optical
Trap.
> Interests:- Finite time efficiency, non-equilibrium behavior,

work, heat distributions.



Motivation: Experiments with Bacteria (Active Particles)

State point 3.
[ \svun.m State point 4:
nK

-02 -01 00 01 02
Actum)

44

State pint 2
Ky = 18T pNpm!
Te=290K

=02 -0l 00 01 02

% Passive heat engine operated
9 % unde sirilar conditions

S. Krishnamurthy et al. Nature Physics 12, 1134 (2016)

] = -



Model:

» Single Underdamped Brownian particle in Harmonic Trap

» Single Temperature, dissipation changes — Active bath
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Equations:

mv(t) = —y v(t) — ko (1 - ; ) x(t)+v2mykaT £(t), 0<t<

mi() = —(v+ %) V() — kos= x() + V2mke T £(t), T <t<r
(€(t) =0, (E(DE)) = o(t —t)

» 7 finite — non-quasistatic, non-equilibrium.



Evolution equations for o, = (x?), o, = (v?)

d;" = —2yo0, — ki(t) d;tx + D,
a;;)‘ = 20, — Vdjtx — 2k (t)ox,
W~ e k(09 4D,
d;;X = 20, — (7 +7) d;;x ~ 2ke(t)c

t 2vkg T
where, kl(t) = ko (1 -z ), kg(t) = ko% , D= VTB
Can be solved numerically,

Analytical results 7 — 0o, quasi-static limit..

'Dominic Arold et al., arXiv:1707.06441



Definitions of work and heat

> Work done in isothermal/adiabatic expansion and compression steps:

~

(wyyse = /T/2 f(8)oe(t) dt, (Wa) = - /T2 o (£)o () dit

2 Jo 2 Jry

(Wh)*® = U(% )= U(— ), (Wa)*® =U(0) - U(77),

—
2

change in internal energy at the steps.

» Heat in isothermal steps:

. T/2 T/2 T
@ = [+ VDee) de=— [ a+ T

(@<= [ (ravDe@w de= () [ ovaer T

*Heats in adiabatic steps are zero




Quasistatic limit: 7 — oo

In this limit one can match the orders of 1/7 in equations for oy,
oy.

> Isothermal expansion:

> Isothermal compression:

gy =

2(y +17a)

(7 +7a)kot




Quasistatic limit: Work, Heat

Work:
iso __ —ksT iso __ ks T Y
(waye = =T @), qway= =BT (2 Yinca),
a —kg T adb _ ke T 2l )
woyade — —ke T W _
(mays = T gyt T (T

<W> _ <W1>fso + <W2>iso + <W1>adb + <W2>adb

Heat: Use first law:

~

3 ykeT

(Q)™ = U(r/2) — U(0) — (W1)™ = ke T — posreen

ke T

3keT _ykeT keT v

(@) = U(1)-U(r/2)~(Wp)** = —= Tt 2 vt

In(2)

Note: ' '
<Ql>lso + <Q2>ISO + <W> =0



Quasistatic limit: Total Work, Efficiency

Total Work:
_ keT Y —Ya
W) = 2(y + 7a) [( 2 ) _%In(2)}
(W) <0 if:
v < va(1+21In(2))
Efficiency:
= K= (@)% _w)l __[(F2) 7 In@)]
(Qu)* QU= (27 —7) + (v +7.) In(2)
v ~ 1, and in the limit v, >> ~:
_1+2In(2)
"= ayame) 04




Simulation Results:
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Simulation Results:
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Simulation Results:
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Other Aspects:

v

Probability distributions of work, heat, efficiency.

v

Optimal protocol, Efficiency at maximum power.

Correlated noise.

v

v

Looking at actual active Langevin dynamics e.g. velocity
dependent potentials.
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