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Our Research

Maxwell's demon performs

Infurmy quantum feedback contral.
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The second law of thermodynamics W, < —AF

With Maswel's demon WY .. < —AF 4+ k TI;

We have identified the upper bound of the capacity of the demunl =
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Does this contradict to the second law?
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Brillouin’s Proposal (1951)
-

Photon hm O %

The energy cost needed for measurement is bounded as hr=> kBT

e However, Bennett proposed a model of measurement
without energy cost.
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Landauer’s Principle (1961)

In isothermal erasing one bit of information from the demon's memory,
at least k= 7In2 of heat should be dissipated into the environment, and
the same amount of work is performed on the demon.
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Bennett’s Proposal (1982)
-

In a full cycle of the thermodynamic engine and the demon...

Heat
hath
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Nonequilibrium Thermodynamics
for Small Systems

{J : entropy production Far from

The canonical B
equilibrium

distribution

Stochastic violation of the second law ("fluctuation theorem™) :
Pr(—-o) = Pr(+o)exp(— f0o)

On average, however, the second law is never violated :

(o )= 0
~ For small systems,

kT of work can be measured. { K
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Quantum Demons
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Work extraction from entangled paricles

A =W,  — W, :ameasure of entanglement!
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By global operations By LOCC A=5(A)=5(E) forpure states
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Maxwell’s Demon

as a Feedback Controller
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Formulation (1)
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Total Hamiltonian HS+H (f) - HS(I) _l_Hint (f)+HH

apart from the demon

HS+B {ri) = Hi
HS+B(E_F]EHF
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Formulation (2)
-

exp(-BH,)
52 ;

1

Initial Canonical Distribution #; = Z, = tr(exp(- B H,))

Unitary Evolution p=1plrt, IT =Texp [lk r HS+B(r)dIJ
(o

.k

Measurement by the Demon p,(x)= iMklekT, P, =1r (MkTMkpl)

i:,L Fi

Feedback by the Demon p.(B)=U_p, (U,

$ k

Final state P =2 P U ps(R)U,
I
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Classical Mutual Information

The mutual
Information

b

5

The Shannon
iInformation

0<I<H

/\j

[Nn information fErrﬁr—freeT

T

Mutual information:

1-¢

U -

1-£

0

1

Binary symmaetric error

I=1+glog, e+(1-&)log,(1-&)
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QC-Mutual Information (1)

1=H+5(p)+ Y (D, p/D, InD,p,D,)

O0<I<H D, =MM, : POWM

7 i Y
[ﬁn information rErrnr-free—: S(p)=—-tr(p, In p,)

: von Neumann Entropy |

If the demon obtains no infermation:

W < _AF. SYSTEN QEMON

EXL: —

If the measurement is error-free:

W, <-AF +k,TH.
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QC-Mutual information (2)
A

Relationship with Holevo’s x quantity: [ — gl AS

I
z=5 [Z PiP; {k)] -2, 25 p())
k k
: Distinguishahility of the post-measurement states

FL SR S[Z Pe iy (k)]— (e : Disturbance by the measure ment
b

Ifthe measurement is classical. ..

For all k, [PPD;:] =0 I reduces to the classical

mutual information.
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Main Result

Infurmy %

Work ,
Heat bath Heat | IEETEE
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J - QC-mutual information

AF

With Maxwell's demon W

< —AF + k,TI

We have generalized the second law of thermodynamies, which involves
the term of ““information’ as a new thermodynamic variable.
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Carnot Cycle and Szilard Engine

Conventional heat engine: Heat — Work
Heat efficiency

TH _.' Sﬁsrne e = _Wezs{t < ]— TL

QI—I TH
WEH ‘ Carnot cy::lew

“Information heat engine”: Information — Work
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WL Szilard engine __J|




Our Research

Generalization

‘With multi-heat baths T

Engine

s R T—Q’W < —AF +’@BT{
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. Demon|
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Heat cycle with two heat baths: W < [1 E T—L} Oy + k7,1 )
H N —



Our Research

summary
-

¢ We have generalized the second law of
thermodynamics 1o processes controlled by
Maxwell's demon.

¢ We have Introduced the QC-mutual information.

e QOur result can be applied to both classical and

quantum feedback. f. { | _




Our Research

Future Prospects
-

¢ Generalization to continuous feedback

¢ ‘Information thermodynamics®
TS and M. Ueda, in preparation.

Molecular Devices

e |nformatic foundation of the second law
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