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Non—-—equilibrium thermoclgnamics

O)C quantum Processes: three

or an invitation to stuc19 stochastic
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Non—-ecluilibrium definition of thermoclgnamic
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Quantum correlations, coherences

and thermodgnamics
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._.ntropg Procluction

Jarzgnski equalitg <e_’8W> == 5

> = B(W — AF)
Entrolog Procluction

(Prigogine, de Groot)
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Entropy production

Pp(W) _ BW-AF) Tasaki-Crooks

el

T. B. Batalhao, et al. Phys. Rev. Lett. 115, 190601 (2015)
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ff:ntropy Procluction

N open 595tem5

: Second Law: AS>/5_Q NS -|_/@ i ,
| ok 3 %{f“ ;

E_Clausius: “Uncompensatecl transformation” E:ntrolag Procluction el I f

Rudolf Clausius ZE
r N |
; dsS
) % =
1';: @ @ ? H(t) Entropy Production rate
i 11 P (t) Entropy flux rate

f
1 1" Environment Staticmaly state HS =

11, & arenot observable. No continuitg equation for entropg




.:_ntropg Procluction -

which entropg to use? !

0:p = —ilH, p] + D(p)

Iy (t) = —0:Sun(pley) e
I dSU H-F Dreuer
~ For thermal bath: IT, n () = dtN -, (T)
' : ds, 1
- = = Tr|[HD(p)]
bk dt 1
=4 dSoy  @r(t])
“ == - | Sats bk
RIE R dt an

inergg ﬂux From sgstem to environment
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ff:ntropy Procluction

H, ® are not observable. No continuit9 equation for entropg

No unhcging theorg of entropy Pro&uction, to date
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Bt Onsager G Gallavotti & E Cohen

integral fluctuation theorem

(s =l

&) Schnakcnberger

(theorg of chemical kinetics)
transition rates of a sgstem

relatecl to energy currents
governecl bﬂ a master equation

Ch. Jarzgnski

g e {II(t) = —0,5(e:]le )
el > ® — Tr[o:0s In o]
& b<_2) ‘ng::"’ qu H Spohn, J Lebowitz

S Degner, Eslutr
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:ntropg Procluction |

which entropg to use?.

0o = —ilH, p] + D(p)

Iy (t) = —0:Sun(pley) e
dSU H-F Breuer
 Forthermal bath: I, n (t) = dtN - D, N (t)

[I(%), () cliverge as 1T — 0

ealised |argc heat reservoirs




:ntropg Procluction

which entropg to use?.

Y.(t)= Dlp(®)||ps(t Hp

Nice Phgsical interPretation:
how far is the state of the comPouncl
a factorised sgstem—-environment state?
. However: it does not increase monotonic:a”g in time (signature

of recurrence?). Monotonicitg onlg for large environments

E‘SPOSIto et al. NUP 12, OI}OD (’10); Pucci et al J Stat PO4005 (’13)
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Phase space

Classical

Lo p

Position & momentum

5, 7

l:u”g deterministic motion: no uncertaintg
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Phase space

Quantum

), z=(a+a)/v2
‘ p=ria" —a)/V2

quadrature operators

T =

(Az)(Ap) =l 2

= @)

Determinism is lost: strictlg speaking, gle Phase spacel
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Yet, very useful. ..

I-to-1 corresponclcnce between states ancl

Phase sPace clescrll:)tlon :.
_—/ / Oél,... N) (®321D;r(04])> d20{1°'°d204N .

A

b T ) %K A
D(CY) = 6()50, V=50
Weyl clisplacemcnt oPerator |




Yet, very useful. ..

I-to-1 corrcsponclence betwecn states ancl

Phase sl:)ace clescrll:)tlon

——/ / (o (@ D;(ozj)> d2c -

X(alv s 704]\7) o Tr[p(@);y:lbj (aj)]

W69| characteristic function

Wolr - €n) = F& e [Ix(an, -, an))

ngner Functlon
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Yet, very useful. ..
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f Yet very useful...
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Yet, very useful. ..

Squeezed state

(P)
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{ Gaussian states
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' Gaussian states:= states with a Gaussian Wigner function
1 Wo(8) ';
‘ =il and 2nd moments of Phase~sl:>ace variables
V:(x17p17$27p27'°'7$]\77p]\7)
i
: 0ij = (10, V1) — 2Wi)(vy)
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Qur Proposal for

q~harmonic sgstems

S = _ / d2a Wi(a)InW(a) E:ntropg of the Wigner function

For Gaussian states: can be clirectlg related to

~ coincides with Réngi-z TR energy diterence

C”trOPH So (Q) — —In TI‘Q2 J C Baez, arXiv 1182.2098 (2011)

! _ satisfies the strong sub—-aclcli’civitg inequa!itg S T can be used to construct

correlation measures Lo ( Qa,:b)

G Adesso, et al., PRL 109, 190502 (2012) |
~ 1Cor thermal states:

[1(t) = —0;5(W(2)|[Weq)|

> 0 (Gaussian states)

o 1 2 3 4

J. Santos, G. Lancli, and M FPaternostro, Phgs Rev Lett 118, 220601 (2017)
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Wlﬂg it makes sense

II(t) = =0, S(W (1) Weq) B(t) = / o DOW) In Way |
= [ apn) /W) '

For a single harmonic oscillator in a thermal bath:

d(t) = - —|—71/2 ((a'a) — 7) Observable!!
. 3 - O L,.h -:
w(n+1/2)" T B s

&

but No cllvergence at zero~teml:>erature S

J. Santos, G. Landi, and M Faternostro, Phgs Rev Lett 118, 220601 (2017)
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Whg it makes sense

Bl L () 1/2)]

n+1/2 | mw
SRy Rea (aa + alal)
R e > ]
~ = +71 7 [(a'a) — 7] Observable!!

J. Santos, G. Lancli, and M FPaternostro, Phgs Rev Lett 118, 220601 (2017)
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Out~oF~equi|ibriuN
thermodgnamics of

5ing|e c]uantum 595tems

open questions

f:ntrol:)g Procluction:

e . o T e A o

open clgnamics of
interactingquantum
sgstems
multiple baths
+
clriving
“Thermoclgnamics” of
multipartite quantum
systems |
——p
Complexxtg (size, # Parts,..)
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ff:ntropy Procluction

N open sgstems

For a single harmonic oscillator
in a thermal bath:

2 2
HS 0 253@ <qa>8 _I_ <pa,>8 1
2N, + 1

(42)s + (P2)s (d5)s + (Bp)s
b 2x. | a9 ) 1
. ( ON, + 1 T e

‘.ixperimentaug testable (and indeed tested!)

M Brunelli et al., arXiv:1602.06958 (2016)

M Brunelli and MP, arXiv:1610.01172 (2016)
J Santos G. Lancll ancl MP Phgs Rc—:v Lett 1]8 2_2_0601 2017)
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& mesoscopics

| OPtomechanics
Fixed mirror ditaet
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lntra»-cavitg atomic sgstems
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M Brunelli et al. arXivi1602.06958 (2016)
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