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Folklore: spontaneous processes have
' F 1 C (2nd law),

where F=U! TS

If this Is negative, then we can extract" |! F|
of work from the system.

But this is a statement on average , since OworkO is"
a random variable.
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Work Is a random variable (for bxed process):

Prob(W) Prob(W)

Ll ! " .# $ A ! | I #F $
small # of particles n particles
Extractable work OisO (optimally}! F :

only true in the thermodynamic limitl n !~

when (3uctuations become Iirrelevant (law of large numbers).
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Standard view: thermodynamic limit

But what do we do for OsmallO (quantum?) or strongly"
correlated systems? Work ! its [uctuations —»reliability?

L?ndauer ! l !

Free energy F determines possiblility of!

! state transitions only in the thermodynamic limit
For single systems, resource theory formulation!
gives additional constraints (and!
solves BennettOs puzzle). More soon.

But: BennettOs
puzzle:
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Viewpoint: This should not be understood as a realistic”
description of what really happens exactly in a laboratory.!
Instead, itOs an attempt to pin down the basic principles "
underlying thermodynamicsE in a way that is broadly”
applicable, also to single / strongly correlated systems
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IsnOt thisunrealistic? Have to Oswitch on interactionO etc.
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Thermodynamics as a resource theory

The rules of the game:

# 1t is OfreeO to bring in any systenB in its thermal”
state ' g = exp(! Hg/(ksT)),

#strictly energy-preserving unitaries are free,!

tfand it is free to trace over (ignore) systems.

Def.. A thermal operation T is a map of the form

T(la)=Trg Uag (!a! "B)U,g

where [UAB Ha + HB]:O.

Question: Which transitions (work extraction etc.) are
possible via thermal operations?
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Def.. A thermal operation T is a map of the form

T(la)=Trg Uag (!a! "B)U,g
where [UAB,HA+ HB]:O
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Work extraction: 'a ! |g'Hglw $% L ! |€"He|w

N — Ty

Wanted: largest possible ! over all possible" ! A
such that the LHS thermo-majorizes the RHS.

Easy tosee: !, = "a (thermal state) gives largest ! .

A
1 =p1 +p2+p3
P1 + P2

T
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Work extraction:  !'a ! |g'#glw $%'a ! |€"He|w
N N
Wanted: largest possible ! such that LHS thermo-maj. RHS.

LHS: Must lie everwhere above that curve (note: concave).

Fo(laA) ! F("A)+ !
Extractable work: Fo(! o)+ kg T logZa.
Work cost: Fi (! ao)+ kg TlogZa

Fi (Pa)+ F(MA) =
kBTlogmln{' A l#A}




Work extraction and work of formation

Work extraction:  !'a ! |g'#glw $%'a ! |€"He|w
N N
Wanted: largest possible ! such that LHS thermo-maj. RHS.

LHS: Must lie everwhere above that curve (note: concave).

Fo(laA) ! F("A)+ !
Extractable work: Fo(! o)+ kg T logZa.

Work cost: Fi (! ao)+ kg TlogZa

Fundamental irreversibility: Fo! F! F, .
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| E 2 2 N N
‘A has ! F1 I F; <0 butshould be impossible.

! 1

—_ N =10,
100’

Some ! F; > 0 hence indeed impossible.
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How does the thermodynamic limit enter?

A5#,+#068.@+00/9%"&/78S$.,&F, Y3-&) T8 BLEA L8 8&&EEIEOEE
PT#(,.$%8'9: Q&+7&'(")*+,-.$*/#018&A+"R&, = F.

Brand<o et al., Phys. Rev. Lett. 111, 250404 (2013):

Allowing small errors : , we have

1_¢ | ny Mp#
ﬁ|:.,<>(! ) TOFE().

' For large numbers n of weakly interacting particles,"
it Is only the free energy F=U-TS that remains relevant.

(Rates of) work cost and extractable work become F."
Reversibility is restored In the thermodynamic limit!
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Thermal reservoir : | R — exp( l kB T H R )/Z

T’HR

Energy Preserving Process : [USRC, HS —|— HR _l_ HC’] — O
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New one-shot interpretation of free energy

MM, Phys. Rev. X 8, 041051 (2018)

Theorem. Let!a,!) be block-diagonal states. Then, for every' > 0, there
is a thermal operation T,, a state !, (") with !1, " 1, (")! < " and a bnite-
dimensional catalyst#c such that

T (A # #e) = VA (")#c
if and only if F('a) $ F(!%).

OSingle-shotO interpretation of
F(!)=tr( 'H)+ kg Ttr(! log!).

Notation: ! ac = "A#c means that

/
Trcwac = py, Trawac = oc.
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Thermal reservoir
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Energy Preserving Process
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Conclusions

H Thermodynamics as a resource theory "

H Fundamental irreversibility for work extraction/cost;"
Gecond laws O. Correlations restore unique 2nd law."

H Coherence introduces additional constraints;"
related to reference frames for timing info (OclocksO).

Own work:

H MM, Correlating thermal machines and the second law at the nanoscale,"
Phys. Rev. X8, 041051 (2018); arXiv:1707.03451.!

#M. Lostaglio and MM, Coherence and asymmetry cannot be broadcast,"
accepted by Phys. Rev. Lett., arXiv:1812.08214.
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