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SEHEORY "OF HEAT
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Now let us suppose ... that a being,
who can see the individual molecules,
opens and closes this hole, so as to
allow only the swifter molecules to
pass from A to B, and only the
slower ones to pass from B to A. He
will thus, without expenditure of
work, raise the temperature of B
and lower that of A, in
contradiction to the 2" law of
thermodynamics.

- J. C. Maxwell (1871)
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Maxwell's Demon




Szilard's engine

(1929)
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Information
heat engine

W < —AF +kTI(S: M)

Sagawa & Ueda, PRL (2008)

Toyabe, Sagawa, Ueda, Muneyuki & Sano,
Nature Phys. (2010)



Quantum dynamical demon?




Thermodynamic work in Q-world

> E,dP, =dU -> PdE,

Hy, =E . © TdS =dU +dW
S=-k) PInP
T ; n n
U= Z EP q-thermodynamic heat
" dQ = Z E dP.
P = — in equilibrium

g-thermodynamic work

dW =-> P dE,

> partition function

dU =) (E,dP, +P,dE,)
" Kieu, PRL (2004)



Inserting a wall

=

= »

Y

Inserting a wall is considered
as an isothermal process.

T

O

dW =-> PdE,



Adiabatic process for inserting a wall

. :Zn:E”dP” -0 @ #9 T should
dP, =0 dQ = Z E dP, =0 be changed
quantum adiabatic n
= _ _
( X »
T=9

The final state should be in non-equilibrium,
so that the irreversible process inevitably
occurs in isothermal expansion.



Q-work in an isothermal process

W = Z jx —dE O
. 0InZ OE,
= kT dE
ZIX OE, OX t
=kT[InZ(X,)=InZ(X,)]
Helmholtz free energy difference - O

(Note) Due to isothermal process, we don't have to
consider a full density matrix.



Thermodynamic process
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Q-work of q-Szilard engine

W, =W, +W_ +Wrem
= —kTZ f In[ f”;)
m=0 fm

- Z,00)
tZ(y)

Z(l£)=ZZn(|£E)

i f =1
m=1
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SWK, Sagawa, De Liberato & Ueda, PRL (2011)



Single particle q-Szilard engine
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The 39 law of thermodynamics
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K.-H. Kim & SWK, J. Korean Phys. Soc. (2012)
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Two particle q-Szilard engine I

N fm
Wor =—KT2, fr '”[f_;] W,,, = —2KTf, In f,
EC I I L) RS D PR VRS EY)
O 20221, )+ 2(1,26)
AT E | ewese
j94 f, f," =, 2 n?
BEDESE——
el



Two particle q-Szilard engine IT

W,

tot —

Bosons

W, ~ kT(gj In3 forT -0

W, , =~kTIn2 forT —»

f—>E as T -0

f—>— as T — oo

@)
| \oH [of(ofe %] |

—2kTf, In f,

Fermions (spinless)
W_,~=0 forT -0
W_,=kTIn2 forT —»

soth %] ana [_[%]

are prohibited due to Pauli
exclusion principle in the low T.

(cf) classical work

st = L2KTIN2)

W




Two particle q-Szilard engine

L[

" Bosons
In 2 =27 .
| Classical
WtOt Eo.s
kT %0-4 .
§ 0a Fermions

Temperature (1)

SWK, Sagawa, De Liberato & Ueda, PRL (2011)
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Maxwell’s demon in the quantum world

Juan M. R. Parrondo and Jordan M. Horowitz
Departamento de Fisica Atdmica, Molecwar v Nuclear and GISC, Universidad Complutense de Madrid, 28040-Madrid, Spain

Published February 14, 2011

Extraction of work from a heat bath using the Szilard engine depends crucially on the statistics of indistinguishable particles.

A Viewpoint on:

Quantum Szilard Engine

Sang Wook Kim, Takahiro Sagawa, Simone De Liberato, and Masahito Ueda
Phys. Rev. Lett. 106, 070401 (2011) — Published February 14, 2011
Download PDF (free)

Information and thermodynamics are intimately connected. This idea was
first illustrated by Maxwell with his celebrated demon: an intelligent being

m o ! who uses his knowledge about the position and velocity of the molecules in a
- [ . 0 ] m=n[ l:.]_,l . ® ,J gas to transfer heat against a temperature gradient without expenditure of
§—L— 130 work, beating the second law of thermodynamics. The Szilard engine is a
] ;‘E@“E stylized version of the demon, where a yes/no measurement of a classical

e single-particle system allows one to extract a tiny amount of energy, kT In2,

k being the Bolizmann constant, from a thermal reservoir at temperature T

_ The engine has been around for almost a century now [1]. Along the way it
e le— l —L— has fumished insight into the foundations of statistical mechanics, become

Measurement expansion

the canonical model for investigations of feedback-controlled systems, and
(a) (b) aven sourred the creation of 3 new field: the thermodynamics of



Physical Review Letters

moving physlcs forward

Home Browse Search Subscriptions Help
Citation Search: | Phys. Rev. Lett. (=] Vol Page/Article

APS = Journals = Phys. Rev. Lett. = Volume 111 = 15508 18

Phys. Rev. Lett. 111, 188901 (2013) [1 pages]

T T T T I T T T I T
£i L [ — ']
Comment on “Quantur 0

- /__,.»-""' - .

Abstract References - / 1
L py 4
Download: FDF (36 kB) Buy this aticle Expon -2 r /,/ T
- L F‘ r "';l T
Martin Plesch'2, Oscar Dahlsten®* John Gool f | |
'Facu-u of (nformatics, Masaryk University, Brn - —_ —4+ 4
2institute of Physics, Slovak Academy of Scient = - 8
SDe,u:-artm ent of Physics, University of Oxford, C o T
{Center for GQuantum Technology, Mational Lini 6 T i
Feceived 22 Movember 2012; published 30 O B ," T
- u

|

A Caomment an the Letter by 5. W. Kim et al, Ph . 4
L i

2 2012 American Physical Society 8 R— TR RN N S N
0.5 1.0 1.5 2.0

URL: http:Mink.aps.org/doi10.1103/PhysRevl
DO 10.1103/FPhysRevlett. 111.183901 J,;B T/ EO
PACS:0530-d 0267 -3 068 70-3 B9 70Cf



Irreversible process I

Time-forward Time-backward

X 0 L

.Inher'er.rl'ly (cf) Murashita, Funo & Ueda, PRE (2014)
irreversible! Ashida, Funo, Murashita & Ueda, PRE (2014)



Irreversible process II




(Option 1)
Make the protocol reversible

A '. Bl™ | 4 C '.
| ) v
| \ )

Horowitz & Parrond, NJP (2011)




- L L (Option 2)
100 g S Optimize work

W, , = —kTi f In( :] W, (IL.{x.})

m

Optimal condition: Vi Wi (i{x,,3) =0
182, 102
Z ox. Zox, Fn (%) = (F, (%0 )0,

W, >0

0



Physical meaning of optimal condition

S Time-backward
fo (X,) ¢

Time-forward
fl*(x1) ¢ o ¢
EI o’ ” ° .0 - * ..

‘ : S (x)e] @ Tt

(Cf) F(X) _ Fleft i F right _ O f3*(X1)
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Numerical check I

Boson N =3

k.T/E, =1
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Numerical check IT

6/ L "f-:ﬁm ; <
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' Casimir force
<Fp(x1)>p => f F, (%) =0

p=0

Why?

Time-backward

HEIEE



The optimal condition of the q-SZE with
intrinsic irreversibility is achieved once
the time-forward force is equivalent to
the time back-ward force:

Fon (%) = CF (X5 )0

Eq Ef_
EKJQ>R El|1>
£ {10 3 0)

(a) (b)




Remark and a new question

N
Wi, =—kT> f, In[ :m]
m=0

m

In fact, this equation can be derived from fully classical
consideration. The point is that the above expression is
mainly ascribed to multi-particle nature of SZE.

Is work extractable from a heat engine by using
purely quantum mechanical information? If yes,
what is its mathematical formula?

K.-H. Kim & SWK, PRE (2011)



Quantum information demon?
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Oppenheim, Horodeki, Horodeki & Horodeki, PRL (2002)
Zurek, PRA (2003)

Rio, Aberg, Renner, Dahlsten & Vedral, Nature (2011)
Funo, Watanabe & Ueda, PRA (2013)

System Memory
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Our Set-up o n
\ ) Measurement k ) /
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Park, K.-H. Kim, Sagawa & SWK, PRL (2013)
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Origin of quantum-mechanical
complementarity probed by

a ‘which-way’ experiment

in an atom interferometer

S. Durr, T. Nonn & G. Rempe
Fakultde filr Physik, Universitdt Konstanz, 78457 Konstanz, Germany

The principle of complementarity refers to the ability of quantum-mechanical entities to hehave as particles or waves
under different experimental conditions. For example, in the famous double-slit experiment, a single electron can
apparently pass through both apertures simultaneously, forming aninterference pattern. Butif a ‘which-way’ detector
is employed to determine the particle's path, the interference patternis destroyed. This is usually explained interms of
Heisenberg's uncertainty principle, in which the acquisition of spatial information increases the uncertainty in the
particle’s momentum, thus destroying the interference. Here we report a which-way experiment in an atom
interferometer in which the ‘back action’ of path detection on the atom's momentum is too small to explain the
disappearance of the interference pattern. We attribute it instead to correlations between the which-way detector and
the atomic motion, rather than to the uncertainty principle.

NATURE| VOL 395| 3 SEPTEMBER 1998 Nature © Macmillan Publishers Ltd 1338 33







Thermodynamic process

Stage 1 (unitary evolution)
PO —Y® Hiy O u® =1, ®UY
This can also describe isothermal process.

Stage 2 (POVM)
P = S IO pOU T = 3 K), (K| 28
k

p, =t{IIUPpPUOTE| o2 =tr,[TU @ peU @ T

Stage 3 (feedback control)
p(f) —U (3),0(2)U (3)+



Entropy consideration
von Neumann entropy S(p) = —tr(p In ,0)

(1) concavity Z ka[péé)k ]S S[péé)]
k

(2)povm  S|p® |<s[p®

(3) Klein inequality tr[pé;) n o) ]S S[pé;)]

W <—AF +KkT(AS, + A8,)—KTA |
Al = 1(A® :B@)-1(AD: BD)

mutual information 1(A:B)=S(p,)+S(0z)—S(ps)=1(B:A)
Park, K.-H. Kim, Sagawa & SWK, PRL (2013)



Mutual information and Discord

classical mutual information

JB:A=HB)+H(A)—H(B,A)=H(B)-H(B|A)
Shanon information H(A)=-> p(A)In p(A)
conditional entropy H (B | A) = —Zﬁ(/l B)lnoB | A)

75

quantum analogue

J(B:A)=S(B)-S(B|A)???
j‘{HiA}(B : A) — S(pB) _S(pB‘{HiA})
quantum discord 5(B| A) = min|I(A: B)-J (B N

Ollivier & Zurek, PRL (2002)



Final formula

W < -AF, +KT(AS, +AS, )~kTAJ +kT5(B?|A®)

System Memory
Feedback

r QK | A

"""
.....

> e
Measurement \ /

Park, K.-H. Kim, Sagawa & SWK, PRL (2013)



Szilard engine containing

a heteronuclear diatomic molecule
semi-permeable wall

Von Neumann, A. Peres, V. Vedral, L. B. Levitin



(L) (LI+[R) RI® AT [, L (1.0,)]o.)

J2
‘u@ —— (M) @|LKL I+ ) || R)RI)
S XGIEREY

P2 = me@\ ) (L] LW @[ R), (R])® o2

v

Q) _
o =

=S (PN o S (L)Ll R (R 27

W < -AF, +KT(AS, +AS, )-KTAJ +KT5(B®|A®)
AF,=0  AS,=AS,=0 AJ=0

I(A(') B(I)) S(p('))—I—S(p(')) S(p(') | I ' (©)
=In2+IN2-0=2In2 9l I@@ I Je
T

5(BY | AV) =min[I(A:B)-J (B A
=2In2-In2=1In2

W=%kTIn2+%len2=len2



Thermodynamic 2nd law

=S (INtRe S (UL R) (R)® 5

1)

p —‘P+> (7 [® (L) (LI+{R) (R o5

S[p(f)]—S[p(l)]=|n2

To prepare the initial
state of memory, we
need to pay kTIn2.




Physics * Nanotechnology Earth Astronomy & Space Chemistry Biology Technolo

Home » Phwsics » Quantum Phvsics » December 18. 2013

Maxwell's demon can use quantum information

Dec 18, 2013 by Lisa Zyga

System Memo
Y Feedback / 2

>

- : Measurement
[a] Enlarge

In the quantum information heat engine, the system is attached to the reservoir, and is measured and
controlled by the memory consisting of a diatomic molecule with two entangled states. Credit: Park,
et al. @2013 American Physical Society

(Phys.org) —In theory, Maxwell's demon can decrease the entropy of a system by
opening and closing a door at appropriate times to separate hot and cold gas
molecules. But as physicist Leo Szilard pointed out in 1928, entropy does not decrease
in such a situation because the demon's measurement process requires information,
which is a form of entropy. Szilard's so-called information heat engine, now called the
Szilard engine (SZE), demonstrates how work can be generated by using information.

Park, K.-H. Kim, Sagawa & SWK, PRL (2013)
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 We have studied quantum dynamical SZE. ™~
+ We have found optimal condition of quan’ruﬁ\ .
'SZE with irreversibility .
* We have devised Maxwell demon utilizing =\
quantum information (q-discord)






Non-equilibrium thermodynamics

- Jarzynski equality (1997)
G
non—equilibrium

-The dissipative work for
non-equilibrium process

(W) =(W)-AF = kT<In ‘3>

H) H) t
p(q__p_).- - (q1! p1s t1)
(G Py 1) /
(qo: -pos to) e,
T &_.
r‘)(q, -p, t) (CI1, Py t1)

Kawai, Parrando & Van den

Broeck,

t=t,

-The dissipative work for
non-equilibrium process with

filtering or feedback control

kT<In ﬁ’> FKTIn 22 = (W) AF
P

Jo)

Parrando,Van den Broeck &

Kawai,
R‘DIAI T DL\\IC IanQ\



Physical meaning of -Zfln(f/f*)

kKTNg”- ) +kTIn Po, =<W>_X
p Po, . ‘
cyclic engine

quasi-static process

— >
forward filtering pp = f, £ !
. \
backward filtering Po, = f m ‘I!'
W), =S W),
f
— kT Z f In(fn’fj F-]
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Adiabatic Q-pump

oS . oS = X,
o(m) == [ dx,dx, > Im—L —
7T YA B,aem @Xl 8)(2 A

X, (t) = X, sinat, X, (t) = 5X,, sin(at + &) X, (1)

Brouwer (1998)

0O
s -

Tum  Switkes, Marcus, Campman, and Gossard (1999)
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Classical/Quantum ratchet

Electron microscopic image

SEM image of a tunneling of a quantum dot ratchet
ratchet (highlighted in orange)

http://www.uoregon.edu/~linke/




