
Informace a termodynamika: tepelné stroje, od molekul po
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Maxwellův démon

l J.C. Maxwell, 1871

l třı́děnı́ molekul podle rychlostı́

l vychýlenı́ z teplotnı́ rovnováhy→ narušenı́ druhého
termodynamického zákona?
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Maxwellův démon
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Maxwellův démon - možnosti automatického třı́děnı́ molekul

Jednosměrná dvı́řka
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Maxwellův démon - možnosti automatického třı́děnı́ molekul

Kolečko se západkou (Feynmanovy přednášky z fyziky)
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Maxwellův démon

Szilardova verze Maxwellova démona (1929)
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Může to fungovat???

Možné odpovědi:

l Museli bychom mı́t technologie schopné pracovat na úrovni jednotlivých
molekul. To nebude nikdy možné ve velkém měřı́tku.

l Nikdy neřı́kej nikdy. Pokrok v nanotechnologiı́ch je velký, jednou bychom to
mohli zvládnout.

l Ale druhý termodynamický zákon to přece zakazuje. Nikdo nesmı́ porušovat
druhý termodynamický zákon.

l U řady „přı́rodnı́ch zákonů“ se později zjistilo, že majı́ omezenou platnost.
Ukáže se to i u druhého termodynamického zákona.
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Maxwellův démon vs. 2. termodynamický zákon

The law that entropy always increases, –the se-
cond law of thermodynamics–holds, I think, the
supreme position among the laws of Nature. If
someone points out to you that your pet the-
ory of the universe is in disagreement with Ma-
xwell’s equations–then so much the worse for
Maxwell’s equations. If it is found to be contra-
dicted by observation– well, these experimen-
talists bungle things sometimes. But if your the-
ory is found to be against the second law of
thermodynamics I can give you no hope; there
is nothing for it but to collapse in deepest humi-
liation.

A. Eddington, The Nature of the Physical World,
(London: J.M. Dent & Sons 1935).
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Maxwellův démon
Szilardova verze Maxwellova démona (1929)

l Leo Szilard: problém je v měřenı́ polohy. Vždy disipace energie.

l Charles Bennett (1982): měřit lze vratně. Tady problém nenı́!
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Maxwellův démon vs. Landauerův princip

Problém je v nulovánı́ paměti!

l Landauerův princip: při nulovánı́ nezná-
mých bitů se disipuje energie. Množstvı́
znehodnocené energie nutné na vynulovánı́
každého bitu při teplotě okolı́ T je alespoň
kBT ln 2.

l Maxwellův démon může pracovat jen dokud
zcela nezaplnı́ svou pamět’.

l Pokud chceme jeho pamět’ vynulovat při
stejné teplotě, při jaké pracoval stroj, mu-
sı́me znehodnotit alespoň tolik energie, kolik
práce nám umožnil zı́skat.

Rolf Landauer (1927-
1999)
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Amoniakový maser
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AMONIAKOVÝ MASER

l 1951 Princip maseru - Townesův nápad ráno na lavičce v parku

l 1954 duben - prvnı́ úspěšně fungujı́cı́ maser Gordon, Zeiger & Townes,
podobné výsledky hlásı́ i Basov a Prochorov v SSSR.

l 1964 Nobelova cena (Townes, Basov, Prochorov)

Charles Townes, Jim Gordon & NH3 maser, 1954

13



Maser a Maxwellův démon: Scullyho schéma
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Maser a Maxwellův démon: Scullyho schéma
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Maser a Maxwellův démon: Scullyho schéma

Přeměna energie termálnı́ho zářenı́ (tepla) na energii koherentnı́ho masero-
vého zářenı́ (práci), dokud lze odkládat entropii do pohybových stupňů volnosti
atomu.

Ale:

l ohřı́vánı́ atomu v dutině je ireverzibilnı́ proces→ snı́ženı́ účinnosti

l jak „vynulovat“ polohu atomu bez nadbytečné disipace energie?
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Maser jako vratný tepelný stroj

T. Opatrný, American Journal of Physics 73, 63-68 (2005).
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Maser jako vratný tepelný stroj
Vratné ohřı́vánı́ atomu

1. Adiabatická expanze zářenı́

2. Adiabatická komprese zářenı́ s atomem

3. Izotermická expanze zářenı́ na původnı́ objem .
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Adiabatický proces s atomem a zářenı́m: diferencovánı́m E = E(rad) +E(at)

a s užitı́m dE = TdS − pdV dostaneme

dV

dT
= −3V

T
− 3

4b
C(at)(T )
T 4

, (1)

V (T ) = V0

(
T0
T

)3
− 3

4bT 3

∫ T

T0

C(at)(T ′)
T ′

dT ′, (2)

V (P ) = V0

(
P0
P

)3/4
−∆V (P ), (3)

kde

∆V (P ) =
3

4bT 30

(
P0
P

)3/4 ∫ T0(P/P0)
1/4

T0

C(at)(T )
T

dT. (4)
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Zı́skaná mechanická práce:

Wrad =
∫ P1

P0

∆V (P )dP =
3P 3/40
4bT 30

∫ P1

P0

dP

P 3/4

∫ T0(P/P0)
1/4

T0

C(at)(T )dT
T

. (5)

Změnou pořadı́ integrace

Wrad =
3P 3/40
4bT 30

∫ T1

T0

C(at)(T )dT
T

∫ P1

P0(T/T0)4

dP

P 3/4
, (6)

= T1

∫ T1

T0

C(at)(T )dT
T

−
∫ T1

T0

C(at)(T )dT = T1S
(at)(T1)− E(at)(T1) (7)

= kT1 ln

[
1 + exp

(
− ε

kT1

)]
, (8)
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Zkratka: výpočet maximálnı́ práce dosažitelné z nerovnovážného systému
přes rozdı́l entropiı́.

∆Srlx =

(
∂S

∂E

)
V

W, T =

(
∂E

∂S

)
V

, (9)

a tedy

W = T∆Srlx, (10)

Wrad = T1

[
S(at)(T1)−

E(at)(T1)
T1

]
= T1S

(at)(T1)− E(at)(T1). (11)

E

S

∆S

W
rlx

.
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Maser jako vratný tepelný stroj
Práce maseru

.
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Wmaser = paε = E(at)(T1).

22



Maser jako vratný tepelný stroj
Reverzibilnı́ stlačovánı́ objemu

.
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Atom byl původně lokalizován v objemu V0, nynı́ je někde v celkovém objemu
2V0.

Nutno stlačit na V0 (při teplotě T2).

Stlačujme v jedné dráze na Va a ve druhé na Vb:
Va + Vb = V0, Va/Vb = pa/pb
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Reverzibilnı́ stlačovánı́ objemu

.
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Podle původnı́ho stavu atomu konáme práci bud’

Wa = kT2 ln V0
Va

= −kT2 ln pa,

nebo

Wb = kT2 ln V0
Vb

= −kT2 ln pb.

Průměrná práce

Wcomp = paWa + pbWb = −kT2 (pa ln pa + pb ln pb) = T2S
(at)(T1)

je pro konečné teploty nižšı́ než kT2 ln 2.
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Energetická bilance a účinnost stroje

Výsledná čistá práce:

Wnet = Wrad +Wmaser −Wcomp

=
[
T1S

(at)(T1)− E(at)(T1)
]

+ E(at)(T1)− T2S(at)(T1)

= (T1 − T2)S(at)(T1).

Vstupnı́ teplo:
Qin = Wrad +Wmaser = T1S

(at)(T1).

Účinnost:
η =

Wnet
Qin

= 1− Wcomp
Wrad +Wmaser

= 1− T2
T1
,
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3ex

Přeměna mechanické práce na maserové zářenı́:
při T1 = T2 je Wnet = 0 a tedy

Wrad = Wcomp −Wmaser.

Přeměna tepla na maserové zářenı́:
Při teplotě vnějšı́ch stupňů volnosti atomu

T2 = T1

[
1 +

x

(ex + 1) ln (1 + e−x)

]−1
, x = ε/kT1

je

Wmech = Wrad −Wcomp = 0

a Wmaser = Qin, zařı́zenı́ tedy pracuje čistě jako „Carnotův maser“ produkujı́cı́
maserové zářenı́ z tepla při Carnotově účinnosti.
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Srovnánı́ se Scullyho cyklem:

Bez vratného ohřı́vánı́ atomů a optimálnı́ho stlačovánı́ objemu:

Wmech = −Wcomp = −kT2 ln 2,

Qin = E(at)(T1),

Wmaser = E(at)(T1),

Wnet = E(at)(T1)− kT2 ln 2,

tedy čistou práci lze produkovat pouze při dostatečném rozpětı́ teplot. Např. s
T1 = T2 se přeměňuje mechanická práce na maserovou s účinnostı́

Wmaser
|Wmech|

=
E(at)(T1)
kT1 ln 2

;

pokud ε/kT1= x0 = 1.278, účinnost je≈ 0.40 (srv.Wmaser/|Wmech| = 1 ve vratném
přı́padı̀).
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Maxwellův démon:
R. L. Liboff, Found. Phys. Lett. 10, 89 (1997)

A

B

C

P

Všechny disky se soustředı́ v kanále B.
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Zuzana Mišáková, T.Opatrný: Exorcising Maxwell’s Demon
from Liboff’s Three-Channel Conundrum
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Vymı́tánı́ třı́cestného Maxwellova démona
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Vymı́tánı́ třı́cestného Maxwellova démona
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Vymı́tánı́ třı́cestného Maxwellova démona
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Kvantový model: rychlá částice
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Kvantový model: pomalá částice
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Černé dı́ry a termodynamika

Bekenstein 1973: Černá dı́ra má entropii úměrnou povrchu,

SBH = 4πk

(
M

mP

)2
,

E = Mc2,

mP =
√
h̄c/G ≈ 2.2× 10−8kg.

Musı́ tedy mı́t i teplotu:

TBH =
∂EBH

∂SBH
=

h̄c3

8πkGM
.

Pokud má teplotu, můžeme ji použı́t k pohonu tepelných strojů?
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Role černých děr v pozdnı́m stadiu vesmı́ru

l S. Frautschi Entropy in an expanding universe, Science 217, 593 (1982).

l L. M. Krauss and G. D. Starkman Life, the universe, and nothing : life and
death in an ever-expanding universe, The Astrophysical Journal 531, 22
(2000).
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Černé dı́ry a termodynamika

Produkce entropie:

l Člověk (za celý život): 109 J/K

l Země (za celou dobu existence): 1032 J/K

l Slunce (za celou dobu existence): 1040 J/K

l Pokud by slunečnı́ hmota byla stlačena do černé dı́ry: 1054 J/K

l Pokud dvě černé dı́ry o stejné hmotnosti splynou, celková entropie se zdvoj-
násobı́!

Můžeme zı́skat práci mı́sto entropie?
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Černé dı́ry a termodynamika
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Černé dı́ry a termodynamika

Černá dı́ra a zářenı́ v objemu V

Etot = Mc2 + aV T 4,

Stot = k

[
4πG
h̄c

M 2 +
4
3
4

√
π2V c3

15h̄3
(Mtot −M )3/4

]
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Tepelný stroj s černými dı́rami

Carnotův proces [T.O. & L. Richterek, Am. J. Phys., přijato k publikaci]
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Tepelný stroj s černými dı́rami

Carnotův proces
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Tepelný stroj s černými dı́rami

Výkon

P � π

240
k2T2(T1 − T2)

h̄
.

Přı́klad:

l M1 = 7.8× 1015 kg, T1 = 1, 6× 107 K,

l M2 = 2× 1030 kg, T2 = 60 nK

l W ∼ 7× 1032 J

l P � 10−14 W
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Shrnutı́

1. Maxwellův démon a některé jeho modely, jednosměrná vrátka, západka s
pružinou. . .

2. Szillardův stroj: jednomolekulový systém, lze najı́t i model s nedisipativnı́m
měřenı́m polohy částice.

3. Landauerův princip: mazánı́ paměti vyžaduje disipaci energie kT ln 2 na
každý bit.

4. Maser jako reverzibilnı́ tepelný stroj: třı́děnı́ molekul, entropie roste s obje-
mem. Lze navrhnout reverzibilnı́ model pracujı́cı́ s Carnotovou účinnostı́.

5. Liboffův třı́cestný model (disky se setkajı́ v prostřednı́m kanále): model ale
nemůže fungovat ani v idealizovaném přı́padě, částici jsou dostupné i přı́čné
stupně volnosti, nebo - v kvantovém přı́padě - neplatı́ zákon odrazu.

6. Černé dı́ry mı́sto černého uhlı́ na topenı́ v tepelných strojı́ch? Může fungovat,
ale velmi pomalu. . .
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Děkuji za pozornost
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