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‘ Setting the stage: Thermodynamic transformation I

Work parameter \(7) : ANEt=0) = e——p A\(T) = Ay
Closed quantum system :

the Hamiltonian H [A(t)]| generates the evolution U (7, 0)

A
I Initial (equilibrium ) state
At

[ Pi = E’._ﬁi H; /Z [)\1 33] ]

final state

'''''' Unitary transformation
h i > [ Pr = L‘T(T, U)IO@L'TT(T, U) ]
A B B B I B




‘ Work and Jarzynski relation I

Probability density for the work done on the system:

~ N
ZP(” P (w — i) + (D)

with P = Z-1e=F=’  and P = |<3£7{) -
- J

Fluctuation relation

g <E—r3z"w> _ E—ﬁiﬁf? A

L where  AF = F[\r, 8| — F[\i, 5i]




‘ Irreversible Work I

<e—6iw> — o BiAF H (-wiw> — <ur> — AF >0

Loosely speaking, the irreversible work gives a measure of the irreversibility.

Relation with the relative entropy

Hypothetical final state @ B:

A — ¢ BeHs /7(B 1
A B / ( ) (U-’z'rr> — ,}— D(:OTH:OB)
bB
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/T 1T S. Deffner and E. Lutz, PRL10
A+ i Thermalization
reversible isothermal [
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Bg=h; B where (Q, o) = tr{(pp — pr)Hy}

\_ J




‘ Adiabatic Transformation (reversible and quasi-static!) I

Define Point A by the relation: ,,E,f) — ,,,Ef‘) (*)

*) {
This is possible iff all of the energy gaps scale by the same ratio ,:'31' / A

Work in the ideal case

Hypothetical final state @ A:

My pa = e Palli /7(4) (wisa) =Us —Uy =Y PO — )
At A
Ai T+ Inner friction

== == thermalization

w [nitary transformation

B, By

<'1L’fric‘-> — (-w) — (Wi )

T
\

B, B



Inner friction

- due to unwanted transitions one Thermalization
would typically associate with heat.
N — th
Indeed, it is the heat the system would <U“"f'”0> — <QT — A
release in thermalizing towards A :
" A
Relation with the relative entropy
\, . (Weric) = — D(pr||pa)
;\/j T L ‘:EA
B, Bs=h; B i
Performing an adiabatic transformation in a Relation with the Bures angle
finite time, the amount of work that ‘gets lost’ is 3
larger when the system is brought far and far 2
Y 4 ght f f Ba (wric) > —5 L (pr, pa)

away from equilibrium. T




‘ an example with negative temperature I

Consider a qubit in a t-dependent slowly rotating magnetic field
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‘ Entropy production I

Relation with the irreversible work :

[ ('EL?WT> — <'u-"f-m'c> = (UA — UB) — Tg{SA — SB)]

Link with the entropy production

W) .U, — Bl = BsFa — BiF;

. . . L Q. ~(7
we can build the stochastic variable s — (J4¢ ,&{) — .-'j*al 3 ,_,(1)

Ideal case:

Actual case:

with prob. density: p(S) — Z P( i) P(T) "( 314#:%:) + [3;¢ ﬁ( ))

n—m
n,m

(s) = Batr{prHf}— il

and average value:

Notice that, in the ideal case :
<_5-> — I,:_SAZ/{A — 3121@ — ,-'“-B)AFA — f)jth



‘ Inner friction &= irreversible entropy I

fluctuation relation: f<€_5> _ ZP(@ p7) (5As£}{)_5i551ﬁ)) :\

ﬂ—:*m

_ ZA _ .~ (BaFA—BiF)

\ Zi Y
Entropy production (o) == (s) — (BaFa—BiF;) >0
Inner friction (U) = 3 (lLfmc> — (ﬁr”ﬁA)



‘ Cumulants of the entropy I

The cumulants of the stochastic variable s

obey the relation

Then, the average entropy production is :

n=1




‘ What if A is not an equilibrium state ? I

a @ (0) = Ba({w) — (wi—a))

Ki -- R, i




‘ What if A is not an equilibrium state ? I

e (o) = BalimreTwi,a)

g, ",
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0

slow) adiabatic process

wn (Very sic
weumnw (finiite time) transformation
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What if A is not an equilibrium state ?

xf: ) @ (0) = Ba({wp="(w;4))
7\«1' T L]

(non-equilibrium) adiabatic reference state:

e (very slow) adiabatic process

----------------- (ﬁn-ite f}'me) transformation
[:3 > Pa = Z Ps«g,z) 5ng)> <5£if)
; B n
Entropy production :
P(U) - Z P”fgi)P“rgT—)Hn 6 (U — O-mfn,) Omn = ,5,46%{) - -S'igf:(qt) — (BaFa —BiFy) = 5 (Sg‘) N ES;))

n,m



What if A is not an equilibrium state ?

A o
« (D (0) = Ba({wp=(w;—4))
AT g
A+ Teing ey s . .
(non-equilibrium) adiabatic reference state:
AP ———
- pa =3P [y (e
Bi B n
Entropy production :
P(U) - Z P”fgi)P“rgT—)Hn 6 (U — O-mfn,) Omn = ,5,46%{) - 315[3’} =Faka — PiF) =5 (Sg’) N ES;))
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What if A is not an equilibrium state ?

xf: ) @ (0) = Ba({wp="(w;4))
7\«1' T L]

(non-equilibrium) adiabatic reference state:

wm  (Very slow) adiabatic process

----------------- (finite time) transformation

> po= 3B [e0) (el
Bi B n
Entropy production :
P(U) - Z P7(Ei)P‘rgT—)>7n 0 (U — O-mn) Tmn = -"3-45%{) - 315[3” =Eal's — Bili) = Bi (g%} - E'.gl))

n,m

Crook’s like relation

[ P(o) = Pyaer(—0) e“]

under micro-reversibility assumption




‘ Entropy production - general case I

1. fluctuation relation:

(1)

3. connection with work:

a (@
Q, =

|

wm (very slow) adiabatic processes

----------------- (finite time) transformation

®]

2. Expression as a relative entropy :

[ (0) = DGorlina) |

p-

<o'> — 0 (<wi—>7> + <wT—>e>)

cov{o,w} = f3;

var{wi_r } — var{wr_.} N var{c}
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Summary :

¥l inner friction in terms or relative entropy

] relation with heat exchange during thermalization

] fluctuation relation and entropy production



