
Introduction

Motivation for this work were mainly informal discus-

sions at two conferences [1] concerning the validity of

the Second law of thermodynamics in case where the

quantum nature of the system must be taken into ac-

count. As we were in the past engaged in research into

practical problems requiring application of thermody-

namics to quantum systems [2–6], we feel ourselves in

the position to express our meaning also to the funda-

mental questions involved. Therefore, the main pur-

pose of this work is to express our opinion on these

questions and to present a sketch of an alternative con-

ceptual structure of quantum thermal physics rather

than to investigate a particular problem in detail. Our

subject should be, of course, distinguished from that of

quantum thermodynamics based on the consequent im-

plementation of quantum-mechanical concepts into

classical thermodynamics as is known from standard

literature (e.g. [1, 7]).

Besides analytical mechanics and theory of elec-

tromagnetic field, it is thermodynamics that is consid-

ered to be a well-established, logically closed theory.

There are even various axiomatic forms of the ther-

modynamics, which seem to guarantee absolute clear-

ness of concepts involved. In spite of that we have se-

rious difficulty in finding any book where the subject

is treated in a way really clear to an ordinary student.

As we are convinced, the very origin of the difficult

understanding of thermodynamics is connected just

with an inconvenient choice of conceptual basis more

than 150 years ago. Traditionally the most obscure is

an artificial concept of entropy and rather exceptional

form of the ‘Second law’ of thermodynamics.

Whereas the universal laws have mostly the form of

conservation laws, the logical structure of the Second

law is quite different. Ultimately formulated, it is a

law of irreparable waste of ‘something’ in every real

physical process. This imperative negativistic and

pessimistic nature of the Second law is very likely, for

philosophers but also for many active researches in

the field, the permanent source of dissatisfaction.

That is why the criticism aimed at the Second law has

the history as long as the Second law itself. Moreover,

in recent decade an unprecedented number of chal-

lenges have been raised against the Second law from

the position of quantum mechanics [1]. These argu-

ments, however, are as a rule, enormously compli-

cated with numerous approximations and neglects

and consequently rather questionable.

It is a very old empirical fact that the thermal

processes in the nature are submitted to certain re-

strictions strongly limiting the class of possible pro-

cesses. The exact and sufficiently general formulation

of these restrictions is extremely difficult and some-

times incorrect (cf. e.g. the principle of antiperistasis

[8], Braun-le Chatelier’s principle [9] and Second

law) but in spite of it very useful. That is why the au-

thors of this paper believe that the Second law (or an-

other law which puts analogous limitations on ther-

mal processes) does reflect experimental facts with an

appreciable accuracy and thus it should be incorpo-

rated into the formalism of thermodynamics. On the

other side, being aware of the fact that the contempo-

rary structure of thermodynamics with its rigid con-

ceptual basis may have intrinsic flaws, we claim that

the absolute status of the Second law should not be

criticized or denied from the point of view of another

physical theory (e.g. quantum mechanics) prior the

correction of these imperfections has been made.
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Reformulation of fundamental laws of
thermodynamics

A serious flaw in the conceptual basis of classical

thermodynamics concerns even the so-called First

law of thermodynamics. The first step toward this law

was made by Benjamin Count of Rumford by the gen-

eralisation of his observations made at an arsenal in

Munich (1789) [10]. Accordingly, practically unlim-

ited quantity of heat was possible to produce only by

mechanical action i.e. by boring of cannon barrels by

a blunt tool and this experimental fact was by

Rumford analysed as follows: ‘It is hardly necessary

to add, that any thing which any insulated body, or

system of bodies, can continue to furnish without lim-

itations, cannot possibly be a material substance: and

it appears to me extremely difficult, if not quite im-

possible, to form any distinct idea of anything, capa-

ble of being excited and communicated, in the manner

the heat was excited and communicated in these ex-

periments, except it be motion’. The same idea that

heat absorbed by a body, which is particularly respon-

sible e. g. for the increase of its temperature, is identi-

cal with the kinetic energy of its invisible components

was further apparently supported by arguments due to

J. P. Joule [11]. Results of his ingenious and marvel-

lously accurate experiments have been summarized

into two points: The quantity of heat produced by the

friction of bodies, whether solid or liquid is always

proportional to the quantity of force expended. The

quantity of heat capable of increasing the temperature

of a pound of water by 1° Fahrenheit requires for its

evolution expenditure of a mechanical force repre-

sented by the fall of 772 lbs. through the space of one

foot (here the term ‘force’ has evidently meaning of

energy). In spite of clearness of these correct state-

ments, Joule did not stressed out explicitly the fact

that in his experiment we have to do only with

one-way transformation of work into the heat. Instead

he tacitly treated throughout the paper the heat as it

were a physical entity fully equivalent or identical

with mechanical energy. It was probably due either to

influence of Rumford or to the reasoning that in the

experiment heat appears just when mechanical work

disappears and ipso facto these two entities must be

identical. Such an extremely suggestive but incorrect

idea was later canonized by Clausius [12] who

proclaims an object of thermodynamics to be ‘die Art

der Bewegung, die wir Wärme nennen’ i.e. the kind

of motion we call heat.

In the history of thermodynamics objections ap-

peared against such an energetic interpretation of the

heat. Unfortunately, these objections were only rare and

with no adequate response. One of them is due e.g. to

Mach [13]. Accordingly, it is quite easy to realize device

of Joule’s type where a given amount of energy W is

completely dissipated and simultaneously the heat in

amount Q=JW is evolved, where J is universal Joule’s

proportionality factor. On the other side, as far as it is

known, there is no single real case where the same

amount of heat Q is transformed back into mechanical

work W=Q/J only by reversion the original process.

Taking into account this circumstance together with the

very generic property of the energy, which can be prin-

cipally converted into another form of energy without

any limitation, we must exclude the logical possibility

that the heat is energy at all. Of course, postulating the

equivalence of energy and heat a meaningful mathemat-

ical theory of thermal processes can be and actually has

been established. The price paid for the equivalence

principle is, however, rather high. In order to make the

theory consistent it was necessary to create somewhat

artificial and highly abstract quantities like entropy,

enthalpy, free energy, and various thermodynamic po-

tentials the meaning of which is more formal than physi-

cal. The mathematical manipulations with their ~720

derivatives and differentials (which are sometimes total)

[14] actually do provide results the interpretation of

which is, however, rather matter of art than of science.

Heat as an Entropy–Caloric

Astonishingly an elegant way leading out from these

problems was very likely for the first time suggested

by Callendar [15] and later in more sophisticated

form worked out by Job in his impressive book [16].

The main idea is that the heat in common sense (e.g.

as a cause of elevation of temperature of bodies ex-

posed to the heating) should not be identified with a

kind of energy but with the entropy, which is known

from classical thermodynamics. It was shown by Lar-

mor [17] and especially by Lynn [18] in a very preg-

nant way that the heat could be measured in energy

and entropy units as well. In the latter case the

heat–entropy concept attains the content identical

with the concept of Carnot’s ‘caloric’ � [19], whereas

the empirical temperature �, i.e. ‘hotness’ [13], auto-

matically starts to play the role of its potential. (We

are using for caloric Greek final letter � as this letter

involves both, usual S for entropy and C for caloric.)

For the increase of potential energy d� of the amount

of caloric � due to the increase of temperature by d�

we may, namely, write:

d d� � � �� �F ( ) (1)

where F’(�) is so-called Carnot’s function. It is an ex-

perimental fact that this function can be reduced to the

universal constant = 1 using instead of arbitrary empiri-

cal temperature scale � the ideal gas temperature scale T
equivalent to the absolute Kelvin scale [20, 21]. (Notice

that Carnot’s function in (1) corresponds to the situation
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where the heat is measured in entropy and not in energy

units [22]). In this case for the potential energy � corre-

sponding to the given amount of caloric � kept at the

temperature T we can write:

� �� T (2)

The perfect analogy with other potentials known

from physics, such as gravitational and electrostatic

potentials, is then evident. After the terminological

substitution of heat-energy by heat-entropy it is only a

technical problem to reformulate two fundamental

laws in a manner which is common in classical axi-

omatic thermodynamics [23], namely:

I.) Energy is conserved in any real thermal process

II.) Caloric (heat) cannot be annihilated in any

real thermal process

Notice that the first and second law, formulated in

such a way are conceptually disjunctive because calo-

ric has nothing to do with energy. The possible link

between these laws and quantities, however, provides

formula (2). We shall not discuss here application of

theorem II) to particular cases known from empirical

observations of real processes (it is already done e.g.

in [16]) but, instead, we proceed further making use

of an important relation existing between entropy and

information. It was recognized by Szilárd in his pio-

neering work [24] that in a certain thermal process the

exchange of information must play an essential role.

Afterwards, the establishment of fundamentals of in-

formation theory [25] enabled Brillouin to reformu-

late this idea with an appreciable mathematical rigor

[26]. (For more recent review on the information-en-

tropy relation, see e.g. [27].) Accordingly, the infor-

mation � has a character of negative entropy (i.e. we

are allowed to write �= –�) and therefore, in our

old-new provisional terminology, we can identify the

production of caloric with the destruction of informa-

tion and the flux of caloric with the information flux

in an opposite direction. Theorem II) can thus be re-

formulated in terms of information as:

II*) Information (�) is destroyed in any real ther-

mal process

Veracity of this theorem seems to be very obvious at

first glance. Indeed, almost everybody has experience

that by combustion of newspapers in a stove or petrol

in a car engine these materials are lost forever, to-

gether with the information involved. On the other

hand, it is little convincing that such a ‘tiny thing’ as

the information is, can really be able to control natural

thermal processes. Isn’t it more likely that state-

ment II*) concerns only side effects taking place in

certain cases? We do not think so and we assume that

the validity of postulate II*) is quite general and apt

for substitution of the Second law of thermodynam-

ics. Moreover, besides the properties of the caloric al-

ready discussed, just the existence of the direct link

between caloric (i.e. heat) and information is the very

reason for which we prefer to use for the quantum de-

scription of thermal processes rather the conceptual

basis of caloric theory than that of classical thermody-

namics. In conclusion of this paragraph and as illus-

tration of such an approach, let us paraphrase

Rumford’s original analysis of his experiments cited

above by simply writing there instead of the word

‘motion’ the phrase ‘perished information’.

Quantum nature of information bound to caloric

In order to involve the information into the physical

reasoning it is convenient to convert information

coded, as usual, in binary units �2 (bits) into the infor-

mation �p expressed in physical units. This relation

obviously reads:

�p=(kln2)�2 (3)

where k is Boltzmann’s constant (k =1.38·10–23 J K–1).

It should be stressed here that by choosing

Boltzmann’s constant as a conversion factor simulta-

neously the absolute Kelvin scale was chosen for tem-

perature measurements.

We assume now that there is no information ‘an

sich’ or in other words information needs in all cases

a material carrier. From the point of view of macro-

scopic thermal physics there is, however, fundamen-

tal difference between e.g. genetic information in-

scribed in the DNA and information provided by a

gravestone inscribed with personal data. Whereas in

the former case for coding of information structural

units on molecular level are used, which should be de-

scribed by microscopic many-body formalism, to the

later case rather a macroscopic description in terms of

boundary–value problem is adequate. To distinguish

without ambiguity between these two extreme cases

we need, however, a criterion which, having a sign of

universality specifies what the ‘molecular level is’.

As far as we know, a good candidate for such a crite-

rion is modified Sommerfeld’s condition

distinguishing between classical and quantum effects

[28, 29]. It reads:

� � 2	� (4)

where � is phase space occupied by a structural unit

(‘qubit’) where minimally 1 bit information is stored

and � is the Planck’s universal constant

(�=1.05·10–34 Js). Direct computation of the action �

corresponding to one atom built in an ordinary crys-

tal, liquid or gas confirms the validity of condition (4)

in these cases. It proves the fact that every atom to-

gether with its nearest neighbourhood should be

treated as a quantum structural unit responsible for in-
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formation storage on a ‘molecular level’. Generaliz-

ing this result, we can conclude that the very nature of

Carnot’s caloric is the destructed information origi-

nally coded in occupied quantum states of structural

units of which the macroscopic system under investi-

gation consists.

Inexhaustible source of energy for thermal processes

The mechanism of information transfer through the

macroscopic system is assumed to be due to erasing

information in one particular structural unit which is

influenced by the neighbouring one in the field of

long range forces defined by macroscopic system as a

whole. There are, however, limitations of such a pro-

cess. First, as the information storage in both neigh-

bouring structural units is submitted to the same con-

dition (4) it is impossible to exchange more

information from one unit to another than ~1 bit per

2	� of the occupied phase space. Second, the ex-

change of information must be in agreement with

boundary conditions put on the macroscopic system

as a whole, which are locally realized e.g. by long

range forces. It may thus happen that the transfer of

some information from one unit to the neighbouring

unit is incompatible with these external conditions

and information is lost. The loss of information physi-

cally means that some characteristic pattern of struc-

tural unit has disappeared and a wider class of quan-

tum states becomes accessible. In the frame of the

presented model any loss of information should be ac-

companied with the development of energy. How to

explain where the energy comes from?

We are inclined to interpret the stability of quan-

tum objects as a result of existence of zero-point elec-

tromagnetic vacuum fluctuations exactly compensat-

ing energy loses due to the recoil radiation from this

object. Such an approach well known from stochastic

and quantum electrodynamics [30, 31], confines our

considerations to the systems controlled only by elec-

tromagnetic interactions, namely, low temperature

plasma, gases, condensed matter and chemical reac-

tions in these systems. Accordingly, the cohesion en-

ergy of any such a system is nothing but the energy of

electromagnetic modes of the background zero-point

radiation accommodated in such a way that they fit

the geometry of the system. Characterizing the di-

mensions of the quantum electromagnetic system (for

which the universal constants � and c must be taken

into consideration) by a single length parameter a, we

immediately obtain for cohesion energy a formula of

Casimir’s type by applying dimensional analysis [32]:

� 
� ( / )�c a (5)

where the dimensionless parameter 
 should be deter-

mined from a particular geometry of the system (usually


 ranges from 0.1–0.001 [30]). The change of dimension

a or complete destruction of a structural unit with en-

ergy (5) during thermal process has a consequence that

just this amount of energy is developed at the place. As

this energy is in fact a modified energy of all-pervasive

universal zero-point background, we have to do with an

energy supply from practically inexhaustible non-local

source of energy. Therefore, within the frame of sto-

chastic electrodynamics every thermodynamic quantum

system should be interpreted as an open system even in

the case where it is finite.

Examples

In order to make the presented system of quantum

thermodynamics more intelligible we have given

three examples illustrating how should be some com-

mon observations within the frame of this system

interpreted.

1) How does the heat engine work? Heat engine

in the sense of original Carnot’s theory is nothing but

a kind of mill driven by caloric � falling from a higher

potential T1 (boiler) to a lower potential T2 (cooler).

Information thus flows from the cooler with con-

densed water (better ordered than steam) to the cylin-

der of engine where the information is destroyed (by

weakening of correlations among molecules during

the expansion) giving rise to useful work originating

in zero-point background. Then the residual informa-

tion continues to flow to the heater where it is dis-

solved during ordering of configuration of the steam.

Notice that the flow of information and the flow of

water are just opposite in this case and that the ques-

tion how the boiler is heated is put aside. In a typical

combustion engine at low temperature the fuel with

high information content flows into the cylinder of

engine. During the combustion of fuel the informa-

tion which is coded in its structure is destroyed and

the useful work from the zero-point quantum electro-

magnetic energy is produced there. The information,

however, flows inside the combustion space for this

type of engine also through the exhaust-pipe so that

special attention must be paid to this part.

2) There is an interesting device called Bunsen’s

ice calorimeter. As this apparatus works at a well de-

fined temperature TM (i.e. melting temperature of ice

=273 K) it, in fact, according to equation (2), mea-

sures directly inputted caloric and may thus serve as

‘entropymeter’. Indeed, the information destroyed

and the latent energy of melting is connected here in

an especially obvious way. An estimate of the latent

energy �M per one mol of ice can be obtained as fol-

lows. We make a use of an important fact that the H2O
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molecules retain their integrity in both water and ice,

simultaneously neglecting the effect of clustering of

molecules at temperatures well above the melting

point which is responsible for non-trivial macro-

scopic behaviour of water [33, 34]. Within the frame

of such a simplified model it would be then necessary

for the melting of ice to break down 4 well-oriented

bonds per every water molecule and substitute them

by quasi-continuum of states. Such a transformation

corresponds approximately to the destruction of �2=4

bits of information per molecule [27]. Taking into ac-

count equations (2) and (3) we can thus write:

� M MNk T� ( ln )2 �� (6)

where N is Avogadro’s constant (N=6.02·1023 mol–1).

The estimate of �M then reads �6288 J mol–1 in an ex-

cellent agreement with the experimental value

=6007 J mol–1.

3) There are different microscopic parameters

characterizing the configuration of a structural unit

where the information is stored which can be in prin-

ciple constructed from quantum numbers describing

this system. The relation connecting these micro-

scopic parameters and macroscopic boundary condi-

tions is evidently very complicated. If we, however,

as above, confine ourselves only to a single parameter

a – characteristic dimension of the structural unit, this

relation can be found in an explicit form and com-

pared directly with experimental data. Combining

formulae (2) and (3) the temperature change of the

potential energy of a structural unit which is due to

the erasing of information �2 from it is given by:

d d� / ( ln )T k� 
 2 �2 (7)

Substituting for � the Casimir’s quantum cohe-

sion energy (5) we immediately obtain an estimate for

the corresponding relative expansion of the unit:

d dln / ( ln / )a T a k c� 2 
� �2 (8)

Assuming that the thermal process is homoge-

neous and isotropic, this coefficient must be within

the order of magnitude identical with the expansion

coefficient macroscopically observed. For typical

condensed matter where bond length a�4·10–10 m and

�2=1 we obtain from (8) for coefficient of relative

thermal expansion a value of 1.2·10–7/
 which is near

to the values experimentally observed (typically

�10–5), provided that 
�0.01.

Conclusions

In conclusion, using elementary arguments without

mathematical rigor, changes in the conceptual basis

and in the structure of quantum thermodynamics have

been suggested. The resulting theory is based essen-

tially on the following points:

• Modified form of Carnot’s theory where caloric is

identified with the entropy.

• Equivalence of information and negative entropy.

• Interpretation of stability of quantum objects as the

consequence of the existence of electromagnetic

zero-point vacuum radiation.

The authors are aware that the structure of quan-

tum thermodynamics as sketched out in this paper is

far from to be mature, however, they are simulta-

neously convinced that it is potentially apt to reflect

the empirical facts in a more intelligible way than the

present theories.
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