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Classical thermodynamics

Applied side: work extraction
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Classical thermodynamics

Fundamental side: irreversibility

Entropy production A;S
Second law of thermodynamics: A;S > 0
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Classical thermodynamics

Fundamental side: irreversibility

Entropy production A;S
Second law of thermodynamics: A;S > 0

Physical laws reversible at the microscopic scale:
Where does irreversibility come from?
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Can we reverse the movie?

Ideal case

H(t)
Battery | <G—=p

System follows direct trajectory PREED WIS 3
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Can we reverse the movie?

Ideal case

Battery

H(t)
< ()

System follows direct trajectory PREED WIS 3

Battery

H(tr —t)

<«>

System follows reversed trajectory Y: Y — ¥ with certainty
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Reminders

Can we reverse the movie?

Realistic case

Battery

System randomly disturbed by bath follows direct trajectory Y
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Can we reverse the movie?

Realistic case

<
) Th |
Battery | €=—=3p <= bertn;a
a

System randomly disturbed by bath follows direct trajectory Y

it — ¢) 9o
Battery | €=—=3p <= bert':a
a

System does not follow reversed trajectory Y with certainty
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Central fluctuation theorem

Entropy production for a single trajectory
Pz]

Ais[Z] = log A
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Central fluctuation theorem

Entropy production for a single trajectory
Pz]
P[]

Ais[Z] = log

System at equilibrium at the start of direct and reversed transformations:

Central fluctuation theorem

<e—Aisl’fl>f =Y BlE] =1
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Central fluctuation theorem

Entropy production for a single trajectory
Pz]
P[]

Ais[Z] = log

System at equilibrium at the start of direct and reversed transformations:

Central fluctuation theorem

<e—Aisl’fl>f =Y BlE] =1

b
Second law of thermodynamics

<Ais[f]>i >0
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Isothermal transformation

Macroscopic

1
» Entropy production: A;S = —— (W — AF)
ke T

» Fundamental bound: W > AF
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Isothermal transformation

Macroscopic

» Entropy production: A;S = (W — AF)

ke T

» Fundamental bound: W > AF

Microscopic
1 -
> Entropy production: A;s[¥] = T (W[Z] - AF)
ke
» Jarzynski's equality: < TV ]> e mTAF
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How to measure thermodynamic quantities for a
two-level system?

W
Classical Two-level Thermal
operator 3 system bath
H(t)

» System monitoring
» Bath monitoring
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How to measure thermodynamic quantities for a
two-level system?

R Autonomous machine

: W

: Nano-

: , Two-level Thermal
: mechanlcal > system bath

i | oscillator H

» System monitoring
» Bath monitoring
» Measurements of the battery
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Platform: Hybrid optomechanical system

Mechanical oscillator

QD layer

Two-level system

Strain-mediated coupling

I. Yeo et al., Nature Nanotechnology 9, 106-110 (2014)
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Reminders

An autonomous machine to measure the arrow of time

Platform: Hybrid optomechanical system

Two-level system
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Strain-mediated coupling

I. Yeo et al., Nature Nanotechnology 9, 106-110 (2014)
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18)
o hu(8) ~ ks T
w
<> T
o Em
Battery Thermal bath

Heat exchanges
» Photons
> L[p] = vA,Dlle)gllp+~(f, +1)D[lg)Xellp, DIX]p = XpXT = 3{X1X, p}
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——==Autonomous machine ——-

|8)

hw(B) ~ kg T

Q
N>
<«

gl

e o o o e e = e o ——————————

Thermal bath

Work exchanges
H = hwo |e)e| + hQbTb + higm |eXe| (b + bT)
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Glimpse on work exchanges

H = hwole)e| + hQbTb + higm |e)e| (b + b')
Battery in a coherent state: b|3) = 3 |f)

mf | —— lg)
(o< p) e

Wo

= O —> &

» Two-level system's frequency w modulated by battery

» Battery's rest position depends on two-level system's state
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Where do we come from?

Average energy exchanges:
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Reversible work extraction in a hybrid opto-mechanical system
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TN s Abstract

‘With the pi 5 0f hnols thermod ics also has to be scaled down, calling for specific
S T fomihiswork protocols to extract and measure work. Usually, such protocols involve the action of an external,
wmsofthe e classical field (the battery) of infinite energy, that controls the energy levels of a small quantum system

(the calorific fluid). Here we suggest a realistic device to reversibly extract work in a battery of finite
energy:a hybrid 1system. Such devices consist of an optically active two-level quantum
hiswork st system i ith anano- ical oscillator that provides and stores mechanical
sttt work,playing the rol ofthe battry. We identify protocols where the battery exchangeslarge,

and DOL ‘work with the gt emitter without getting entangled with it. When the
quantum emitter is coupled to a thermal bath, we show that thermodynamic reversibility is attainable
with state-of-the-art devices, paving the road towards the realization of a full cycle of information-to-
energy conversion at the single bit level.

» Oscillator behaves like a battery
» Ultra-strong coupling regime gy = Q: (W) = — (A&y)

juliette.monsel@neel.cnrs.fr 14 / 25



Where do we come from?

Average energy exchanges:
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Where do we want to go?

» Extend this result to the single trajectory level

» Direct measurement of Jarzynski's equality in a quantum
open system

classical field (the battery) of infinite energy, that controls the energy levels of a small quantum system
(the calorific fluid). Here we suggest a realistic device to reversibly extract work in a battery of finite
energy : a hybrid optomechanical system. Such devices consist of an optically active two-level quantum
system interacting strongly with a nano-mechanical oscillator that provides and stores mechanical
sttt work,playing the rol ofthe battry. We identify protocols where the battery exchangeslarge,

and DOL fwork with the gt emitter without getting entangled with it. When the
quantum emitter is coupled to a thermal bath, we show that thermodynamic reversibility is attainable
with state-of-the-art devices, paving the road towards the realization of a full cycle of information-to-
energy conversion at the single bit level.

» Oscillator behaves like a battery
» Ultra-strong coupling regime gy = Q: (W) = — (A&y)
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Quantum trajectories

. i Quantum jump_ Trajectory ¥ of the hybrid
— _i[H [ o] Quantum jump, Trajectory y
p h[ AL+ L] unraveling ~ optomechanical system

Hybrid optomechanical system always factorized: ¥ = (€, 5[¢])
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Quantum trajectories

Quantum jump  Trajectory ¥ of the hybrid
unraveling ~ optomechanical system

p=—+[H,pl + L[p]

Hybrid optomechanical system always factorized: ¥ = (€, 5[¢])

Two-level system: Eq(t) = hw(B(t))dc(),e Battery: Em(t) = hQ|3(t)|2
w(8) = wo + 2gm Re B im? (> P)
Bo
e>m
g) . Ref (o x)
0 t tr _%" ‘O l
Bs(tr)

Stochastic work obtained by measuring the battery
WIE] = —A&n[X] = hQ (B0l — [B=(tr)]?)
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Stochastic entropy production

Battery's trajectories
(direct protocol)

o Ais[X] = log FN)[E]
S PIE]
Q) -‘.:a'r'-.f o -
Img € . : Prescription for reversed trajectories ¥:
*gm/Q

—gm/Q » Time reversal of unitaries

0
Re Bx(tr) — | Bol
/ » Same stochastic map

Bol

Re 3

=]
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An autonomous machine to measure the arrow of time

Stochastic entropy production

Ais[Z] = o[Z] + lsn[Z]

Battery's trajectories
(direct protocol)

—

_ A&L[E] + AF[S]

0
N v U[Z] = kBT
N D -
QN .‘.’:‘:Ot:.o{.t' . 1 + e—ﬁ/.u(ﬁo)/kBT
Impg € Lo AF[Y] = kg T log T C=n

» Thermodynamic system:
two-level system

» Thermodynamic transformation:
out-of-equilibrium driving

» Result: Jarzynski's equality

17 / 25
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Stochastic entropy production

Batt.ery's trajectories A;s[f] _ a[f] + /Sh[f]
(direct protocol)

Isn[Z] = — log(pm[Bs (£7)])

» Thermodynamic system:
whole hybrid system

» Thermodynamic transformation:
relaxation toward equilibrium

» Result: irreversible transformation
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Jarzynski's equality

In the regime & < |fo|: > <e_”[f]># =1
5
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Realistic parameters: v/Q =5, T =80K, hwo = 1.2kg T
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Jarzynski's equality

In the regime & < |fo|: > <e_”[f]># =1
5

» Oscillator equivalent to external drive

— x10~*
| Ol e-o-a-o-oe0gllo-od g
N ¢
X =2 ¢
i .
T
() —6f *
~ 0 1 2 3
x10°
| Bo|

o external drive ¢ hybrid optomechanical system e7<“[f]>i -1

Realistic parameters: v/Q =5, T = 80K, hwo = 1.2kg T, gm/Q =10
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Experimental error modeling

Re 5 and Im 3 known with a precision of £

Im M
ImpB xp br
Bo
268 % ]
54y { Reﬁ;\:"

: 4208

‘ N Re 8 o x

L Tem

_ AEMZ] + AF
Measured entropy production: oM[¥] = — m 2]+

! ke T
with AEM[Z] = RQ(|Bo]2 — |BY?)
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Mutual information and Jarzynski's equality

186,81 = ) p(Be. ") 'og(%)

BﬁﬁM
-3
><.1() 6
‘_l' 1.5
o 4 E@\ # Measured Jarzynski's
T i~ equality
—_— [ ) Y
«Q M
EL‘|> 0.5 2 115, BM]
()] [ ]
~—— 0.0 e o ® o 0
10! 102 10°

gm/Q

Realistic parameters: §8 =2,v7/Q =5, T = 80K, hiwp = 1.2kg T, 2gm|Bo|/27m = 600 GHz

Jarzynski's equality can be probed if 63 < gn/Q < | S0l
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@ Relaxation toward equilibrium
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Relaxation toward equilibrium

i——=Autonomous machine:——-

hw(B) ~ ks T

Q
N>
<«/VVv\V

Y

Thermal bath

Ais[Z] = log — == o[2] + lon[Z]
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Average entropy production

1 S~ e
300, 2 (1og(PIZ)/AIS) ).
W00 @ 3} }

v [e] ° <0’[Z] -+ ISh[z]>-.

q 100} e >
~ ol . "See e 88 @ m @
10° 10! 102 103

hwo/ks T

Ass[E] = log /F;[[i]] — o[5] + fen[E]
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Conclusion

Hybrid optomechanical systems are promising set-ups to explore
trajectory thermodynamics:

» Battery's energy fluctuations equal work fluctuations

» Jarzynski's equality directly measurable in a open quantum
system with a realistic experimental platform
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Thank you for your attention!

Further reading: npj Quantum Information 4, 59 (2018)
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Absolute irreversibility

Im g
(o< p)
1T EE B & B & B @
[ T {'\ =
W @@ 0 Y PlE]l=1-A
ﬂ -
0 <‘] E]E] . <e*(‘7[f]+15h[f])>ﬂ
Lo oleees o ‘ ‘ >
10° 10! 102 103
—n :

Generalized integral fluctuation theorem

() =3 Pl =1-2r<1
:

juliette.monsel@neel.cnrs.fr 2/6



An autonomous machine to measure the arrow of time

Quantum jump operators

> Master equation: j(t) = — lh[H, p(0)] + Yuso(en PloT @ Lmlo(t)
+ 7 (Augo(r)) + 1) Dlo ® 1m]p(t).

1 1
D[X]p = XpXT — Z{XTX,p}, iy = —————,
Xlp = XpXT = SAXIXoph A = G e Ty =1

w(B) = wo + 2gm Re B and Bo(t) = Boe ¥
» Unraveling:

Direct protocol Reversed protocol

iAt = iAt
Jo(t) = Lgm — == Her(t) Jo(t) = Lqm + == Hlg(2)
Joa(t) = \/WAt(ﬁw(ﬁo(t)) ool Joa(t) = Jya(t)

Ji1(t) = \ /7Dt Ay o)) 07 © 1 Jia(t) = Joa(t)

Herr(t) = H =5 (S5 () () + S5 (6)J1(2)
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Trajectory probabilities

Trajectory ¥ = (Vs (to), ..., Vs (ty)) with
Ve (tn)) = lex(tn)) @ |Px(tn))

PIE] = p[ex( fo)]HP[‘Uz W5 (to-1)]

PIX] = Pl Bs (tn)]P5s (e [€5 ()] H PlWs (to—1)|Vx(ta)]

n=N

~hw(B)/ ke T
Pild = T et
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Work and Heat

Average quantities with an external drive:
<W> = Tr(pH) and <Q> = Tr(pH)

Energy variation 6&,[X, t,] of the two-level system during the time
step [tna tn+1]:

» No jump evolution: work exchange

w(Z, to] = I(w(Px(tn)) — w(Bx(tni1))) = —0&m[X, to]
» Quantum jump: heat exchange q[%, t,] = +hw(Fs(tn))

Total work and heat exchanged along the trajectory :
N-1 N-1

WIZ] =D w[Z.t,)] and Q[Z] = ) q[T. t,]

n=0 n=0
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Other hybrid optomechanical systems

Superconducting qubits embedded in
oscillating membranes

mechanical
resonator

J.-M. Pirkkalainen et al., Nature, 494,
p. 211-215 (2013)
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NV defect coupled to a nanowire with a
magnetic field gradient

W tip _,'

SiC
nanowire ~.
Pump
defect_ -
W 0

/ \

Magnetic
gradient source

Confocal

Microwave microscope

antenna

O. Arcizet et al., Nature Physics, T, p.
879-883 (2011)

6/6



	Reminders
	Thermodynamic arrow of time
	Optomechanical platform

	Proposal of direct measurement of the arrow of time
	Direct measurement of Jarzynski's equality
	Relaxation toward equilibrium
	Conclusion
	
	Appendix

