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The second law of thermodynamics, which deals with irreversibility and makes the theory so
special, is usually considered empirical. The definition of equilibrium as an attractor, on the other
hand, requires a postulate. This article shows that both are actually already contained, even if
hidden, in the fundamental principles of neopositivism, which are widely accepted in all fields of
science. In particular, from the definition of information as a truth that can only come from an
observation but cannot be redundant, we obtain Clausius’ inequality.

INTRODUCTION

Symmetries of an experiment in physics are the possi-
ble transformations that leave its result unchanged. They
are those that are undetectable by simply observing the
result of the experiment. A symmetry leaves invariant
certain observed regularities of the world and the laws of
physics that account for them [1].

For instance, rotation by a given angle is a symme-
try for all the laws of physics. But, rotation at a given
angular velocity is not. Translation in space is a uni-
versal symmetry. Translation in time is also a universal
symmetry, but time reversal is not a universal symme-
try. And this last point is very confusing and annoying
for physicists. What is the problem? It lies in the fact
that all the fundamental laws of physics, such as those
of electromagnetism and mechanics (classical, relativis-
tic or quantum), are invariant under time reversal, with
the exception of the second law of thermodynamics con-
cerning irreversibility. This therefore represents a major
challenge, as it is likely that the unification of fundamen-
tal interactions (that is, the unification of relativistic and
quantum mechanics) will not be sufficient to arrive at the
mythical theory of everything. The unification of physics
will also require taking the laws of thermodynamics into
account. Any new insight into these laws is therefore
welcome.

In physics, and more broadly in all scientific fields,
statements of a theory belong to two categories: laws
and principles [2], also called empirical laws and theoret-
ical laws [3], which are of a different nature. The former
come from induction and are simply the generalization of
particular observations. They express observed regulari-
ties of the world and are true until proven otherwise. The
latter concern the rest, that is to say everything that can-
not be observed, such as the definition of concepts used
to express empirical laws and the way in which these con-
cepts articulate. They are actually conventions or pos-
tulates. They are neither true nor false (because they
cannot be faced to experiments), they are simply conve-
nient or not with regard to the object of science, namely
describing reality which itself remains to be defined by
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convention. Principles in physics function fundamentally
like axioms in mathematics, except that they are not ar-
bitrary but have pragmatic obligations [4].

The first convention preceding any theory concerns the
very object and purpose of science. Since science ex-
plicitly refers (by its etymology) to knowledge, this first
convention also concerns what we mean by ”knowledge”.
The aim of this article is to show that if we adopt the
neopositivist [5] conventions on these points (in short:
there is no synthetic a priori knowledge other than that
of logic; the sole object of science is reality understood
as that which can be observed) the empirical second law
about irreversibility can be deduced. In other words, the
empirical second law about irreversibility is already con-
tained in a set of fundamental principles which are com-
mon to all fields of physics: “the scientific conception of
the world” [5].

The derivation places the concepts of knowledge, in-
formation and data in a fundamental position. A piece
of information is a truth that cannot be redundant but
is necessarily carried by data understood as a piece of
observation. From this asymmetrical role of information
and data originates thermodynamic irreversibility.

The article is organized as follows: in the first sec-
tion the fundamental principles of neopositivism are pre-
sented; the second section deals with the second law of
thermodynamics (the first on energy conservation not be-
ing specific to it) and the definition of equilibrium; finally
in the third section we will see how these laws of ther-
modynamics are actually contained in the fundamental
principles.

I. FUNDAMENTAL PRINCIPLES OF
NEOPOSITIVISM

It is impossible to do science without conventions, also
called postulates or principles, at least those that con-
cern its object matter and what we mean by explaining
and understanding. These epistemological conventions
are often overlooked, which leads to useless debates sim-
ply because people are not talking about the same thing.
This will be avoided by stating them from the outset.
My personal observation of the scientific practice shows
that these conventions are widely shared and should not
offend many people. However, even if this were the case,
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these people should not deny that accepting these con-
ventions implies certain things, which is precisely the
subject of this article. These conventions are those of
the Vienna circle [5] and of its neighbourhood [2-4, 6-9],
namely the neopositivism, or logical positivism, or log-
ical empiricism. It is briefly presented below, limiting
ourselves to what will be necessary.

The only thing that science can talk about is scientific
reality. “Whereof one cannot speak, thereof one must be
silent” (Wittgenstein [6]), so that there is no other reality
in scientific statements. It is defined as:

Principle (reality): Reality is what can be observed,
with observation being understood as an interaction.

This reality is not made up of objects that could ex-
ist independently of us. Reality is inseparable from the
observer. This has the consequence, in particular, of re-
quiring us to define what we mean by “objectivity”. It
is no longer the property of an object, but that of an
observation which must be reproducible by anyone and
which then becomes true by definition.

Principle (objectivity): An objective observation can
be reproduced by anyone and is true by definition.

In what follows, we will only consider objective observa-
tions and omit the adjective.

We expect science to help us understand reality, and
understanding means connecting observations together.
These connections can be of different kinds corresponding
to different levels of understanding. It is agreed that

Principle (understanding): The highest level of un-
derstanding is reached when all observations, past and
future, can be deduced from a finite set of statements that
forms a theory.

This set of statements must obviously contain no contra-
dictions since it is intended to be used by logic.

Any statement is judged with respect to its truth. A
statement is true if it relates (narrates) an observation,
a fact. The truth of a statement is a quality, not a grad-
ual quantity. That is, a true statement cannot become
increasingly true and cannot be truer than another true
statement. A statement is false if it contradicts an ob-
servation. True and false statements are said to be a
posteriori. A priori statements are those which are in-
dependent of any observation. They are neither true nor
false.

The statements of the theory are classically divided
into two categories: 1) A priori statements, called prin-
ciples, or postulates, or conventions. Neither true nor
false, they are convenient. Their convenience is judged
by whether or not they allow us to deduce observations
from theory; 2) True a posteriori statements resulting
from generalization of observed regularities. They are
called inductive or empirical laws, simply called laws in
the following. Laws are true until proven otherwise by
the observation of a counter-example. The above can be
summarized as follows:

Principle (truth): The only source of truth is observa-
tion and truth is a quality, not a gradual quantity.

Statements can be deduced from the theory, but their
truth is conditioned on conventions; moreover, they can
be considered as already contained in the theory, even if
hidden, and not as being the source.

For what follows, let us to clarify certain vocabulary
points concerning truth, information, and knowledge.

Definition (information): A piece of information is
an unconditional truth supported by an observation.

Definition (knowledge): For the observer, to know
something is the state of possessing the footprint of a
piece of information.

How exactly knowledge as a state quantity can be eval-
uated is precisely the contribution of information theory
that will be discussed in the following. But we can al-
ready say that since truth is a quality that cannot become
more and more true, it follows that pieces of information
cannot be redundant. Or in other words:

Principles (no redundancy): Redundant pieces of in-
formation do not increase knowledge and counts as one.

From the definition of reality, it comes that there are
no parallel universes. There is no Platonic intelligible and
visible world. There is no spiritual and material world.
There is no dualism. The universe is one. The deduction
on a particular problem from the theory must also be
unique (or univocal). But it is like finding the solution
to an equation, the solutions are often multiple. Ran-
domness and probabilities are there precisely to address
this problem. The solution (the deduction provided by
the theory) is then a unique probability distribution.

Principle (univocality): On a particular problem, de-
ductions from the theory must be univocal in terms of
probability distribution.

Probabilities introduce randomness. Whether random-
ness is inherent to the nature of things or due to our ig-
norance leads to exactly the same observations and goes
beyond the scope of science. Traditionally, two types of
probabilities are distinguished : a priori and a posteriori.
As indicated by their name, the first are completely de-
tached from observation. They are actually conventions.
Whereas, the second are relative statistical occurrences of
observations. They are empirical laws. Both are mathe-
matically treated in the same manner and both are valid.
But what is not permitted is either to say that the prob-
abilities are a priori distributed in a certain way, when
they have been measured to be distributed in another
way (this would be false); or to say that the probabil-
ities are a posteriori without having been measured or
without the possibility of doing so (this would be incon-
sistent).

An infinite set of possible observations is deduced from



a finite set of statements and, in a certain sense, is con-
tained within it. Theory is therefore a summary of real-
ity. It is an economy of thought [7] and the most econom-
ical is the best. This is known as the Occam’s razor [10].
We are therefore faced with an optimization problem:
“The basic concepts and laws which are not logically fur-
ther reducible constitute the indispensable and not ratio-
nally deducible part of the theory. It can scarcely be de-
nied that the supreme goal of all theory is to make the
irreducible basic elements as simple and as few as possi-
ble without having to surrender the adequate representa-
tion of a single datum of experience” (Einstein [9]). The
minimization procedure applies to the number of state-
ments of the theory (conventions and laws), but it also
applies to the laws themselves. An inductive law is sim-
ilar to inter- or extrapolation of experimental measure-
ments (observations). On the one hand, the law has the
constraint to account for all observations, to account for
everything that is true, to account for all knowledge. But
on the other hand, it must be as simple as possible. The
best law must provide the “minimum service” within the
imposed constraint of our knowledge. These two ideas
about what is optimum, what is the “best”, what is the
“supreme goal” (for the number of laws and for the laws
themselves) are actually conventional value judgments.
They can be expressed all in one under the form of an
additional postulate:

Principle (least-talker): Theory must minimize what
is said (mazimize the uncertainty) about what we do not
know, with the constraint of saying everything about what
we know.

Here is our final postulate, which sounds like an echo of
the first: “Whereof one cannot speak, thereof one must
be silent” (Wittgenstein [6]). For this reason , the list
is certainly not logically irreducible, but by being less
concise it is considered clearer.

II. STATEMENTS OF THERMODYNAMICS

By thermodynamics, we mean the initial phenomeno-
logical theory (Clausius [11]), which deals only with the
macroscopic observable behavior of a system and not
with its internal functioning.

Thermodynamics deals with the changes in form of en-
ergy. The first statement of the theory is therefore that
of its conservation. This statement is actually a con-
vention [2, 12] and more precisely the definition of the
concept itself. This principle is not specific to thermo-
dynamics and is in fact common to all of physics; it will
therefore not be addressed here and the reader is invited
to consult a previous article [13].

In thermodynamics, a system is described by state
quantities and the state of a system is a way of being
that is supposed to be maintained during a certain du-
ration. Equilibrium is the stationary state for which this
duration is not limited and is actually the only object

matter of thermodynamics ([14] p.15).

But there is a form of paradox in the intentions. How
can we account for the transformations a system can un-
dergo (the changes in form of energy) if we only deal
with stationary states ? The solution lies in the notion of
quasi-static trasnformation and that of reversibility. An-
other problem arises: a system out of equilibrium always
tends towards equilibrium. Equilibrium is an attractor
and this cannot be deduced from its definition as a sta-
tionary state.

Reversibility (thus irreversibility) and attractiveness of
the equilibrium, are accounted for with the concept of
entropy [11], which will be the entry point for the notion
of information in the problem. So let us start there.

A. Entropy and reversibility

In thermodynamics, a reversible cycle is a path that
leads the system from an initial state through a sequence
of other states and finally returns to the starting point,
leaving everything (the system and its environment) ex-
actly as it was before. Any process that can be part of
such a cycle is said to be reversible. For example, a quasi-
static process sufficiently slow relative to any relaxation
of the system is reversible. A quasi-static path is a suc-
cession of (quasi)equilibrium. It is under control and can
be stopped at any time and then resumed or reversed to
return to the starting point. Note that, from the outset,
we can clearly see the role that knowledge and informa-
tion will play in thermodynamics: identifying whether
everything is as before or being able to control a param-
eter depend on our knowledge.

Clausius [15] observed that for any reversible cycle:

pR-

where @ is the heat exchanged by the system with its en-
vironment, which sign is relative to the system (positive
when received); the subscript “r” stands for “reversible”;
and T is the temperature (in Joule) of the system. This

observation makes
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an exact differential that allows us to define a new state-
quantity S (that only depend on the state) called entropy
(it can also be called Clausius entropy to remove any
ambiguity). This is the initial definition of entropy. The
difference in entropy between two states A and B is given

by :
B
SB—SA=</A d;?) (3)

Basically, the difference in entropy between two states
is equal to the net heat exchanged expressed in unit of
temperature when the path linking them is reversible.
This can be considered an empirical law.



B. Entropy and irreversibility

Reversibility is actually a limiting behavior that is
never reached, but towards which quasi-static processes
tend when their rate of change tends towards zero. In-
stead of Eq.1, for any differentiable cycle what is actually
observed is that heat is always transferred to the envi-

ronment
dQ
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so that things are never the same as before.
Instead of 2 and 3, for any differentiable actual process,

one has:
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SBSA</ABdI?> /ABd;;? (6)

For non-differentiable processes, the integral on the right-
hand side has to be replaced by a sum. These are different
form of the Clausius inequality, which expresses thermo-
dynamic irreversibility and can be considered empirical.

With the definition of entropy (Eq.2), Clausius in-
equality forms the second law of thermodynamics (the
first being the principle of conservation).

and

C. Entropy and equilibrium

Let us return to the problem of the attractiveness of
equilibrium. As is the case in classical mechanics, the
problem is solved if the equilibrium is defined as the state
that minimizes a potential [14]. In thermodynamics, this
potential always involves the negative of entropy (negen-
tropy). Its very definition depends on the interactions
between the system and its environment. For example,
for a thermalized system it is the free energy F' = U—-T'S,
where U is the internal energy, etc.

For simplicity, let us consider the union of a system of
interest and its environment, the latter being chosen in
such a way that the union can be considered as an iso-
lated system. The system is in a stationary state when
its interactions with the environment are also in a sta-
tionary state. So that the equilibrium of the system is
also that of the union, that is to say it boils down to that
of an isolated system. The definition of the equilibrium
for the latter is then postulated as:

Principle (of maximum entropy): The equilibrium
of a thermodynamic isolated system is that of maximum
entropy.

For an isolated system, no heat is exchanged with the
environment and Eq.6 turns into

Sp—SA>0 (7)

So that, the entropy of an isolated system can only in-
crease. Conjointly with the above definition, this makes
the equilibrium an attractor.

III. THE LAWS OF THERMODYNAMICS
FROM THE FUNDAMENTAL PRINCIPLES

As already mentioned, the second law of thermody-
namics summarized in §IT A and II B originates from ob-
servations. It is empirical. The aim of this section is
mainly to show that it can be derived from the fun-
damental principles listed in §I. The derivation passes
first through the contribution of statistical mechan-
ics (Gibbs[16]) and that of information theory (Shan-
non [17]) which provide new interpretations of what en-
tropy is and allowing to link heat (thus energy) and in-
formation.

A. Entropy and improbability

With the advent of atoms in physics comes also ther-
mal agitation, probabilities and statistics. The system
constantly changes its microscopic configuration (also
named microstate, or phase). So that the equilibrium
(the purpose of thermodynamics) should be understood
as an average state. This is the contribution of statisti-
cal mechanics: having found a way to link microscopic to
macroscopic scales by expressing state quantities, such as
entropy, in terms of average quantities over microstates.

For the calculation, we must first decide on their prob-
ability distribution. Knowing that it cannot be mea-
sured, this distribution is necessarily a priori postulated.
“When one does not know anything the answer is sim-
ple. One is satisfied with enumerating the possible events
and assigning equal probabilities to them.” (Balian [18]).
The distribution to be used is uniform. This is the
fundamental postulate of statistical mechanics (a varia-
tion of the Laplace’s principle of insufficient reason [19]).
Against this postulate Ellis wrote: “It cannot be that
because we are ignorant of the matter we know some-
thing about it” [20]. But according to §I, a postulate is
not knowledge so that there is actually no inconsistency.
As all conventions, this postulate has no obligation to
be confirmed by direct observations. Only indirect feed-
back is required; it will be provided by the agreement
between the calculated macroscopic quantities and those
measured. And it has to be said, it works!

Let us denote Sgipbs the average of the logarithm of
improbabilities 1/p;, where p; is the probability of mi-
crostate 1.

Scibbs = Y _pilnl/p;, (8)
ier

I is the ensemble of possible microstates (the phase
space). By starting with a uniform distribution of mi-
crostates for an isolated system (the whole) about which



nothing is known, we can derive that of any subpart (see
e.g. [21]), then deduce the equality :

Saibbs = S (9)

hence the name Gibbs-entropy (or statistical entropy) for
Saibbs- This last equality, which has shed new light on
the concept of entropy, is only conditioned on the pos-
tulate of a uniform distribution of micro-states for the
whole.

B. Entropy and uncertainty

Consider each microstate identified by an integer ¢ €
[0,4 — 1] (with ¥ is the cardinality of I') and encode 4
in binary. A thermodynamic system can be considered
a dynamic random source of these numbers. Indepen-
dently of thermodynamics and of statistical mechanics,
Shannon [17] was interested in the recording space needed
to store such random outputs. An initial idea [22] was to
allocate the same storage space to everyone, i.e. log, W/
bits per output in order to be able to store the largest
possible integer when it comes out. But knowledge of the
probability distribution of the outcomes, and the alloca-
tion of a different storage space for each, make it possi-
ble to reserve the largest identifiers for the least probable
outcomes and a lossless compression of their storage. In-
terestingly, Shannon showed that in no case the average
number of bit per output can be less than:

H= Zpi log,(1/pi) (10)

H was named by Shannon quantity of information emit-
ted by the source. Identification of Eq.10 with the Gibbs
formula Eq.8 is immediate, so that

SShannon =H x1In2 (11)

was called Shannon-entropy of the random variable under
consideration. Gibbs-entropy is the Shannon-entropy of
microstates. To a factor, and only conditioned on the
validity of Eq.9, the thermodynamic entropy of a system
turns out to be equal to the quantity of information it
emits (the quantity of information of microstates).

Let us make a few remarks about the denomination
“quantity of information” emitted by the system. If we
(the receiver) know nothing about the emission of the
source, it must be planed at least log, ¥ per output.
There is no compression. But if we learn that it is now
certain that the first bit will not change, then it is no
longer necessary to record that bit. This piece of infor-
mation allowed us to save one bit of storage space. And
this, for each bit of information until H is zero when
there is no uncertainty about the outcomes. Note that
when a piece of information is provided to the receiver,
it saves one bit of storage space. It is not necessary to
provide this twice; the economy would not increase fur-
ther. The thing called “information” that is quantified

by Shannon, obeys to the principle of no redundancy and
is conform to what is usually understood as information.
The term “quantity of information” is thus in a certain
sense appropriate. But in my opinion, it would have
been clearer if the term “information” had remained re-
served for a single truth (i.e., a quality), and if the term
“knowledge” (instead of “quantity of information”) had
been used when it came to quantifying it. In any way, H
represents the knowledge we lack regarding the current
microstate of the system. Or, from another perspective,
H is a measure of the uncertainty about it.

Let us go back to the problem of the a priori probabil-
ity distribution of microstates which alone conditions the
validity of Eq.9. Consider the probability distribution of
random outcomes of which we only have partial knowl-
edge. Shore and Johnson [23] showed that maximizing H
(instead of another possible measure of uncertainty) is
the only procedure that respects the principle of univo-
cality of §I. If we add that of least-talker, maximizing H
is the only procedure to rationally decide for any a priori
probability distribution. Hence the theorem :

Maximum Shannon-entropy theorem: The best a
priori distribution of any random outcomes is that of
maximum Shannon-entropy satisfying the constraint of
taking into account our knowledge.

This is a theorem that can be considered as already
contained in the fundamental postulates of §I. In the
case where we know nothing, the maximum of Shannon-
entropy is obtained for the uniform distribution. Thus,
the fundamental postulate of statistical mechanics does
not come as an addition to the theory; it was also in
fact already contained in the fundamental principles of
neopositivism. And this holds de facto for Eq.9 and for
the equality between Clausius entropy and the Shannon
quantity of information about microstates. So that:

S = SGibbs = SShannon (12)

This equality is not conditional on any postulates other
than those listed in §I.

C. Clausius inequality from the principle of truth

Shannon quantity of information H is actually a quan-
tity of information we (the observer) lack. For our pur-
pose, it is likely clearer to speak in terms of the quantity
of information we have, that is to say in terms of our
knowledge K :

K=-H=-5/In2 (13)

To a factor, knowledge K is nothing other than Bril-
louin’s negentropy [24]. Consider first the reversible case,
by rewriting Eq.3 as:

B
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The minus sign in front of the integral indicates that what
we receive comes out from the system.

e The left-hand side of Eq.14 refers to the observer
only. It is the variation in our knowledge obtained
through the observation of this process.

Kp — K4 is knowledge derived from an observed
quantity.

e The right-hand side of Eq.14 refers to the system
only. It is the quantity of observations that can
be made, from the environment, on the system by
interacting with it, by exchanging heat with it.

- /A Tuo is an observable quantity.

The process is reversible in case of equality between
these two quantities, between what is observed and what
is observable. The process is no longer reversible if it is
observed episodically, intermittently, incompletely. But
in no case can the observed quantity (and the pieces of
information it brings) exceed the observable quantity.

But there is another important feature. Imagine that
the reversible process occurs at constant internal energy
for the system. All quantity of heat, @), provided to the
environment is compensated by an equivalent quantity
of work, W, received: d@ = —dW. The work provided
to the system is an interaction that counts as an obser-
vation. So the same observation can be made twice, by
measuring heat and by measuring work. But in virtue
of the principle of no redundancy, the two count for one
single piece of information.

Consider an elementary increase of knowledge dK. On
one side, it is necessarily brought to us by the mean of an
elementary interaction —dQ/TIn2 (an elementary ob-
servation), which basically amounts to copy something
that comes from the system into our memory. But on
the other side, an elementary observation —dQ/T In2
does not necessarily carries an information if it is redun-
dant. dK is a piece of information we get that cannot
increase once it is known. —d@Q /T In2 is a data that can
be copied, duplicated and redundant as much as we want.
From this asymmetrical behavior, it follows that :

d@
dK < =
- Tln?2

(15)

which is nothing but the Clausius inequality (Eq.5). This
stems from the postulate that information necessarily re-
quires observation, but cannot be given twice.

D. Knowledge and equilibrium

The last point to examine is that of the definition of
thermodynamic equilibrium. The need for it to be an

attractor led us in §II C to define it as the state of maxi-
mum entropy. But this can be considered as an additional
postulate. Maximum Shannon-entropy theorem (§I11B)
potentially gives us the possibility of deducing this defi-
nition, thus making the economy of a postulate.

However, the Maximum Shannon-entropy theorem
does not tell us the distribution of which random vari-
able should be maximized at the thermodynamic equi-
librium. Different random variables may lead to differ-
ent incompatible definitions of the equilibrium, inconsis-
tently with the principle of univocality. Jaynes [25] note
the following point. Consider the three physical symme-
tries: translation, rotation and scaling. Any definition of
the equilibrium that is not invariant under these symme-
tries would actually be equivocal. Or in other words, any
definition of equilibrium that depends on these symme-
tries would say more about equilibrium than they should,
inconsistently with the least-talker principle. Actually,
a definition of thermodynamic equilibrium that is con-
sistent with the fundamental principles must maximize
Shannon-entropy of random variables which distribution
is invariant in form upon these symmetries. Examples of
these variables include local density and microstate. In
virtue of Eq.12, Maximizing Maximum Shannon-entropy
of these variables is thus equivalent to maximizing Clau-
sius entropy of the system.

The definition of thermodynamic equilibrium is also
already contained in the fundamental principles.

IV. CONCLUSION

In thermodynamics a central state quantity of a sys-
tem, namely its entropy, is related to our knowledge. A
state quantity of a system is in fact also a state quan-
tity of the observer. This was already recognized long
before Shannon. In 1878, Maxwell wrote “The idea of
dissipation of energy depends on the extent of our knowl-
edge” [26]. It is therefore not surprising and likely in-
evitable to relate thermodynamics to epistemology, i.e.
the branch of philosophy which deals with knowledge.
Fundamental principles concerning what reality is, what
the sole source of truth is, what knowledge is, in fact al-
low us to deduce the second law of thermodynamics, that
of the irreversibility of phenomena, this law which makes
thermodynamics so special compared to all other theo-
ries of physics. Interestingly, these fundamental princi-
ples are not special to thermodynamics, but common to
all fields of science and in particular to that of physics.
In my opinion, unification of physics lies on this side.

“A reality completely independent of the mind which
conceives it, sees or feels it, is an impossibility. A world
as exterior as that, even if it existed, would for us be
forever inaccessible. But what we call objective reality is,
in the last analysis, what is common to many thinking
beings, and could be common to all” (Poincaré [4]).
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