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Abstract. The evolution of such notions as heat, temperature, and entropy in the twentieth 
century is considered along with new relative notions. The new notions were created in con-
nection with the demands of informatics as well as a result of the appearance of new scientific 
lines (computer simulation of physical properties, theory of nonlinear oscillations, radiation 
solid state physics). Some examples from different fields of physics and mathematics which 
had a great impact on the notion evolution are given. The relation between scientific uncer-
tainty and information, molecular dynamics method, and temperature of a solid are considered 
in detail. An example of self-organization of chaos is briefly discussed. 
 
 
1. Evolution of notions 
In the previous lecture [1], we considered such notions as heat, temperature, and entropy. The 
sense of these notions was being defined more exactly in the XVII – XIX centuries as needed 
for physics. Along with the science of heat, other sciences were developing independently. 
Nevertheless these sciences began to use already known notions for explaining phenomena 
relating to their sphere. The names have remained the same, but the sense of notions has 
changed. Some of the notions have become not only more clear but even more general. Be-
sides there appeared new notions that penetrated into physics from other sciences. 
 In this lecture we consider the evolution of old notion and appearance of new notions in 
the science of heat in the XX century. 
 
2. Information, informatics, and entropy 
Definitions. In the Russian Dictionary of Foreign Words [2] one can find such definition: in-
formation [from lat. informare] – communication on a state of affairs or some field of action. 
In the Longman Dictionary of English Language and Culture [3], there is such definition: in-
formation – knowledge in the form of facts, news, etc. [3]. The Russian Encyclopedic Dictio-
nary [4] gives such definition: information [from lat. informare – explanation, elucidation, 
statement] – initially data that are transmitted by people orally, in a written form or with other 
ways (with the help of prearranged signals, technical ways, etc.); from the middle of the 20th 
century – universal scientific notion including transmission of data between people, between a 
man and an automatic, between automatics, exchange with signals between animals, in flora 
and fauna, transfer of signs from a cell to a cell, from an organism to an organism. Ibidem one 
can find the definition of informatics. Informatics [fr. informatique, ger. Informatik] – science 
that studies the laws and methods of accumulation, transfer, and data handling with the help 
of computers; in a figurative sense – the sphere of people activity connected with using com-
puters. The analog of term ‘informatics’ is computer science (in English-speaking countries) 
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[4]. More detail interpretations of terms information and informatics is given in the Russian 
Mathematical Encyclopedic Dictionary [5]. Historical data on the development of informatics 
are cited in [6] where it is emphasized that informatics is a young science; it began when for 
the first time one tried to mechanize mental activity. 
 Amount of information. The basis for the theory of information is the way of measuring 
amount of information suggested in 1948 by Claude Elwood Shannon (1916–2004). The way 
can be explained using the following example [7, 8]. Consider a set of n0 elements. For equi-
probable events, the probability of choice of any element equals 1/n0. This value characterizes 
the degree (or measure) of uncertainty for a given situation. If n0 =1, i.e. the set consists only 
of one element, then p=1 and H=0, where p is the probability and H is the degree of uncer-
tainty. On the other hand, p→ 0 and H→ ∞ when n0→ ∞. The simplest formula that connects 
p and H has the form 

plogH −= . 
Suppose that the number of elements decreased to n1 < n0. At this, the probability of choice 
for one element increases and the degree of uncertainty decreases. The difference between the 
initial and final degree of uncertainty is named a quantity of information  
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If the probabilities of different outcomes differ, then for the degree of uncertainty one can 
take the average value of the degree of uncertainty for individual outcomes 
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where nk is the number of outcomes in the situation k. This formula gave the start for the 
theory of information. What logarithm does one use in the formulae? Most often one takes 
natural, decimal, and binary logarithms. In the last case, information is expressed in bits [from 
eng. binary digit], and the logarithm of a number one write down as ld x [from lat. logarith-
mus dualis] what means a logarithm to the base 2 [6].  
 Information theory was developing independently of thermodynamics and statistical 
physics. It gave birth to new term such as the degree of uncertainty and quantity of informa-
tion. Nevertheless the probabilistic approach by Shannon coincided with the probabilistic ap-
proach by Boltzmann; even the formulas are similar. Apparently for this reason the measure 
of uncertainty gets its name as information entropy. In its turn, in physics one begun to con-
sider entropy as the measure of uncertainty when describing processes in various media statis-
tically. At that, in order to emphasize distinction between the information that refers to very 
general processes and the information characterizing a physical system, in the latter case one 
uses the term ‘bound’ entropy.  
 Consider a closed physical system which entropy is equal to 

. wlnkS =

Here  is the number of microscopically different states that form a given macroscopic state, 
k is Boltzmann constant. Suppose that only w

w
0 different states can be realized. If we have no 

special information on these states, they must be considered as equi-probabilistic. Sometimes 
we have additional information, for example, we have the results of a similar problem, so that 
the number of probabilistic outcomes decreases up to . In the first case the entropy equals 
S

1w
0=k ln w0, in the second one S1=k ln w1, Therefore the quantity of information is 
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3. Information and scientific laws 
Consider how information is connected with scientific laws [7, 8]. Let us set up an experiment 
measuring two variables x and y. At that the quantity x changes in the range from 0 to a, and 
the quantity y in the range from 0 to b (Fig. 1). After a series of measurements we found that x 
and y were always inside the shaded area that characterizes some empirical law (dotted line) 
and the limits of errors β2 – β1. If n0=ab is the full area of changes for x and y, n1 is the square 
of shaded area, then the quantity of information is   

n
nlnkI
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Here we suppose that all the parts of area are equi-probabilistic. 
 

y 
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Fig. 1. Empirical law. 

 
Therefore, to count information, we need to know: 
• General field of observations, 
• Field of random errors. 

Consequently,  
• Scientific law has always a limited sphere of application. 
• Scientific law is correct within the boundaries of possible errors. 

 Leon Brillouin in his book “Scientific uncertainty and information” emphasized the fol-
lowing. “More than once philosophers paid attention to these two conditions. If the conditions 
are not concretized, the definition of scientific law has no sense. Many physicists think that 
one can do an experimental error to be arbitrarily small, and therefore it can be neglected in a 
theory. Physics is not mathematics. There are many sources of experimental errors for which 
one is unable to introduce corrections, e.g. Brown motion, principle of uncertainty, principle 
of isolation (it is impossible to shield from many unknown influences).”  
 In the general case, according to Brillouin, we can say the following. Let one carries out 
some experiment and obtains some quantity of information ΔI. According to Carnot’s prin-
ciple (1824) this leads to the entropy increase ΔS ≥ ΔI in an experimental set. Let the experi-
mental error approaches to zero. Then the quantity of information, and consequently entropy, 
tend to infinity. Inasmuch as the entropy characterizes lost energy, it means that in order to 
get zero error, we need to waist infinite amount of energy that is impossible. 
 An empirical law can be expressed with the help of figure, table or formula. Suppose we 
have several empirical laws α, β, and γ, each of them containing some quantity of information 
Iα, Iβ , Iγ. If these laws were discovered independently, the total information equals to  

.IIII γβαΣ ++=  

For example, for ideal gas the following laws are valid: 
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constVp constT == ,  R. Boyle (1662), E. Mariotte (1676); 

const
T
p

constV == , J.A.C. Charles (1787); 

const
T
V

constp == , J.L. Gay-Lussac (1802). 

Suppose we have found the theory that connected all three laws. In our case, this is Clapeyron 
– Mendeleev equation (1834, 1874) 

TRVp = . 
If we take the first law, we see that it has a hint at the second law. Really, Boyle–Mariotte law 
is valid in the temperature interval from T1 to T2 (Fig. 2a). Then establishing Gay-Lussac law, 
we can narrow the range in which the volume V changes. This diminishes the field of obser-
vations (Fig. 2b). Consequently, considering law β after law α, we obtain a lesser information 
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Fig. 2. Boyle–Mariotte law (a) and decrease of the observation field for Gay-Lussac law (b). 

 
Let now to us first two laws are known. Then establishing the third one, the field of observa-
tions can be diminished still more. As a result, we have the following situation  

,KIIIIIII +′′+′+=++= γβαγβαΣ  

where K is the information relating to correlation. It equals the quantity of information given 
by the theory that establishes correlations between laws α, β, and γ. 
 We have considered the situation that is typical for all the physical theories with concrete 
fields of applications and standard experimental errors. Any theories contain some values, e.g. 
mass, charge, initial and boundary conditions. All these values are the results of previous ex-
periments, and all the previous experiments were made with some errors. According to our 
scheme they are confined within the empirical law α. We understand as the ideal theory for 
which 

.IIItheory αΣ −=  

It signifies that future experiments give nothing new, because I′β =I″γ=0; besides experimen-
tal errors coincide with expected ones. Therefore 
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where n0
theory is the area where the theory is valid, n1

theory = n1α is the expected errors. Classic-
al mechanics, electrodynamics, elasticity theory, etc. are very close to ideal theory. 
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 Noteworthy also is distinction of mathematics from physical sciences. Historically ma-
thematics was at first a system of experimental observations, e.g. geometry begun as a set of 
rules that were used by land surveyors. Now geometry is based on the system of postulates 
which physical sense is not being considered. Mathematical theory represents a rigorous 
structure that can be used in any field without any restrictions. When it used as a physical 
model, there appear restrictions connected with the limits of application and with errors. Ma-
thematical theory does not determine the limits of its using and therefore gives infinite 
amount of information. Physical theory, in view of limitations, contains a limited quantity of 
information.  
 
4. Excessiveness and negentropy 
Consider excessiveness of ideal theory. In informatics, excessiveness is the expression 
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We use excessiveness very frequently. For example, when one memorizes a verse, one repeats 
it usually several times. We repeat if somebody is dull of hearing. In both cases the exces-
siveness increases. Too low excessiveness can distort the communication; too high excessive-
ness can decrease the rate of information transmission through a communication channel. In 
the case of ideal theory  
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If R decreases, then Iα increases. This means that the part of empirical information increases 
too. As a consequence, the probability of distortions increases what degrades quality of the 
theory. However if R → 1, then Iα → 0, and the empirical information plays a lesser role, but 
complexity and inconvenience of the theory increases. Therefore, an optimal theory must 
have well-defined excessiveness. 
 Why do we attach great significance to discovering scientific laws? The value of energy 
is defined by its ability to transform into other types of energy without energy loss. The more 
is value, the less is loss; and hence the less is entropy as a measure of loss energy. If the en-
tropy decreases, it means that the part of such energy, which can transform into all the other 
types without energy loss, increases. As a consequence, the part of heat that has no such prop-
erty decreases.  
 Following Schrödinger, let us introduce negentropy N = – S. Then we can take the value 
of negentropy as a quality criterion. Consider some investigation. If to take separate results, 
they can be characterized by some quantity of information (or negentropy). Let us order these 
results on the basis of some model. The ordered system has larger negentropy in virtue of the 
information that contains in the model. This contribution is called the structural negentropy. It 
appears due to arising bounds when separate parts are connecting into a whole. The informa-
tion of model is based, on the one hand, on the knowledge of an investigator, i.e. on physical 
laws; and, on the other hand, on his fantasy that connects these laws together. Along with new 
results this allows one to create ordered systems with larger negentropy, frequently unknown 
to the nature.  There are two types of information: ephemeral and classical [8]. The ephe-
meral information [from gr. εφ–ημερος – for one day, one day’s living] is a result of not nu-
merous measurements that demanded a little negentropy. At that, the part of structural negen-
tropy is negligible. The value of ephemeral information is diminishing very quickly with time, 
so it must be transmitted quickly too. From this it follows a desire to publish results as soon as 
possible. The classical information [from lat. classicus – relating to the first property qualifi-
cation of Roman citizenry] has in its heart a lot of experiments. Its summits are great discove-
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ries, scientific laws and so on. A law generalizes a lot of ephemeral information, a large 
amount of negentropy corresponding to the law. Besides scientific laws contain additional in-
formation that does not follow from empirical results. This part of information is referred to 
as correlation information.  
 Thus two factors define significance of the scientific laws: 
• Degree of ordering; it is easier to have deal with a theory and general laws than with 
reference books containing unbound data, 
• Degree of newness; a theory allows make predictions. 

It should be emphasized that even having discovered a scientific law, one is unable to esti-
mate frequently all possible consequences. “Formulas are clever than we!” (Henrich Hertz). 
 Preliminary conclusion. Completing a brief review on the role of information theory in 
the development of old notions and creating new ones, the following is noteworthy. The 
theory of information gave clearer, less formal, and wider definition of entropy having con-
nected it with the degree of uncertainty. The latter exists not only in physical but in any sys-
tem. Besides the theory of information once more attracted attention to necessity of more 
careful study of correlations and ordering. Actuality of these problems became evident after 
appearance of computers and new computational methods of solving many-body problems.  
 
5. Incompleteness and excessiveness 
Traditional approach to the description of phenomena in a system of many bodies consists in 
the following. Suppose that the system studied consists of N identical particles that can be 
considered as structureless. The state of system is characterized by its configuration and by 
rate of changing the configuration. If the values of coordinates )x,x,x( 3i2i1ii =x  and veloci-
ties  are given for all N particles, i.e. i=1, 2, …, N, thereby is defined the state 
of system at given instant of time 

)v,v,v( 3i2i1ii =v
t . In order to investigate evolution of the system, one needs 

to specify else the law of motion. Consider the set of all the values x(  
coordinates of the point u in many-dimensional space. Then the state of system can be charac-
terized geometrically by this point. The point is called a phase point and the space is referred 
to as a phase space. The name originates from the fact that in past the states were considered 
as being phases of a system. The change of state with time is represented as motion of the 
phase point along a line which is named the phase trajectory. The independent values 

 that one needs to know in order to define the state of system are spo-
ken of as degrees of freedom. 

)v,v 3i2i  ,v,x,x, 1i3i2i1i as

)x( 3ii v,v,v,x,x, 2i1i3i2i1

 Suppose that the number of given parameters, which enable us to judge on the state of 
system, is immeasurably less than the number of degrees of freedom. This means that the full 
dynamic description of the system is impossible [9]. In consequence of incompleteness of de-
scription, the dynamical problem is substituted for another, namely, at each instant of time to 
define not the state of system but the distribution function for microstates. At that one suppos-
es that the coordinates and velocities of particles constitute a set of 6N random quantities; 
when evolution is going, the coordinates and velocities form a set of 6N random functions of 
time. Such uncontrolled motion of particles of the macro system is spoken of as chaotic or 
thermal. To describe that type of motion one uses two methods: statistical and thermodynam-
ic. Foundations of statistical physics are based on the assumption according to which macro-
characteristics observed experimentally appear as a result of averaging micro-characteristics 
connected with individual particles. However any author of a statistical theory is compelled to 
postulate a way of averaging. It is impossible to verify the postulates used, so from time to 
time some doubts are cast upon them.  
 In reality this means withdrawal of efforts to solve the problem that transgresses the limits 
of traditional theory. Besides it contradicts to the desire of predecessors who tried “to gain a 
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more penetrating insight into heat nature and even to develop some concepts” [1]. More pro-
ductive are principally new methods of investigation of many-body problem that occupy a 
position between theory and experiment; for this reason they are frequently named numerical 
experiments. Among them, the main role is played by a very powerful method that gives very 
much information; the method is known as molecular dynamics [10]. This is the most infor-
mative and lively as well as the most interesting type of computer simulations. 
 The method consists in the following. Suppose that we have a system of N particles. First 
of all we must know the interaction law for these particles. Besides it is necessary to specify 
boundary and initial conditions. After that, having a good algorithm, one needs to solve exact-
ly the classical equations of motion of N particles simultaneously by means of fast electronic 
computers. If the number of particles is large, say N~1000, this gives a million of pair interac-
tions, and the system possesses statistical properties. As a result, one can study simultaneously 
both dynamical structure of the system, observing the motion of separate particles, and can 
calculate averaged characteristics of the system such as energy, pressure, temperature, etc. 
The calculated characteristics can be compared with customary experimental data. Such si-
multaneous study of structure and properties is very profitable.  
 In classical molecular dynamics [11–14] the motion of a system of N particles is de-
scribed with the help of Newton equations  
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Here t is the time, ri is the radius-vector of particle i, mi is its mass. The force fi acting on a 
particle is the sum of an external-field force fi

F and interaction forces between particles. Let 
us write down the equations in Cartesian coordinates 
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where α=1, 2, 3; ijijijij r,f rf == . The equations can be rewritten as the system of diffe-
rential first-order equations  
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Here v is the velocity and the symbol F means that the force fi takes into consideration the 
action of an external field. Notice that index i is changing from 1 to 3N. Now it is not a num-
ber of a particle, but the counter of a number of freedom degrees. It is supposed that each par-
ticle has three degrees of freedom. 
 Any computer works with discrete values which are obtained by counting out the values 
of a continued function in fixed time intervals. 

K,2,1,0k,tktk == Δ . 

Then the computer integrates the motion equations for each degree of freedom.  
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With all this going on, the integrand is presented as the Taylor series with a finite number of 
terms 

Alexander I. Melker, Sergey A. Starovoitov, Tatiana V. Vorobyeva216



∑
−

=
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=+′′+′+≅

1n

0s

s

0
s

s2

!s
t

td
fd

2
t)0(ft)0(f)0(f)t(f K . 

The derivatives are replaced by finite differences using various schemes. 
 It should be emphasized that computer simulations in the form of molecular dynamics not 
only produce information, but lay the foundation of building new analytical theory; the theory 
that will use not postulates but mechanisms of hidden motion of particles that eludes observa-
tion in laboratories [11–14]. It is precisely these unobservable events are very important be-
cause ultimately they define observable phenomena. “Molecular Dynamics is Maxwell de-
mon, who knows everything on the motion of all molecules.” (A. Rahman, 1964).  
 Unlike statistical and thermodynamic methods with their incompleteness of description, 
in molecular dynamics there appears another problem, the problem of excessiveness [14]. De-
tailed analysis of particles trajectories is connected with output of so large amount of data that 
in general case it becomes inexpedient. Therefore in addition to elaborate study of trajectories 
in the part of system where radical changes occur, one needs to choose such characteristics 
which, throwing away secondary details, allow study the essence of phenomenon and output 
information that is comparable with customary experimental data.  
 
6. Information and stochasticity 
In studies of the nature of thermal motion, one of the suitable characteristics is a spectral den-
sity of vibrations. Similar to optimal theory, it holds reasonable ratio between excessiveness 
and incompleteness of description. Let us have a system of N atoms. In the primitive model of 
solid, it is anharmonic chain of atoms. One can consider trajectories of atoms as statistical 
time series [14, 15]. By the statistical time series is meant the function X(t) that has the prop-
erty of randomness or irregular changing. Having a record of such series, it is impossible to 
predict its future behavior. However the series can be described with the help of statistical 
laws. At first glance, such approach to the trajectories of dynamical system seems nonsequen-
tial, as the formal definition of random process includes the requirement of irregularity, i.e. 
the lack of algorithm. For dynamic systems, the requirement is broken by definition. Really, 
we know the equations of motion, initial and boundary conditions and therefore we can calcu-
late the trajectories of atoms with sufficient accuracy.  
 In reality the requirement of irregularity is not obligatory [16]. Moreover, this property 
refer to principally unobservable because any finite in time realization can be approximated 
by some regular function, e.g. by Fourier series. If we consider some isolated trajectory given 
in the range (t1, t2) and know nothing on other trajectories, this trajectory will seem as a ran-
dom. Therefore incomplete information on a system leads to conclusion that the system beha-
vior is random (stochastic). 
 The degree of stochasticity can be estimated quantitatively. For this purpose it is neces-
sary to take the formula already considered I=k ln (n0/n1), where n0 is the area where the 
model is valid, n1 is the expected errors. With a computer, n1=n′1+ n″1, where the first term 
is referred to initial data, and the second one to errors of calculation. If we consider only one 
particle of the system of N particles, the field of observations decreases N times. The differ-
ence between the initial and obtained quantity of information gives us the degree of uncertain-
ty (entropy) 
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Thus with increasing number of particles in a system, its behavior approximates logarithmi-
cally to an absolutely random process.  
 In the general case, properties of random process depend on time. However if the process 
is in the state of equilibrium, its mean value and variance are constant. Many series display 
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nonstationary behavior in the form of trend of mean values, for example, the trajectories of 
atom under quasi-static deformation of solids. The trajectories of atoms have a complex oscil-
lating character but they can be divided into two parts 

i
0
ii xxx δ+= . 

The first constituent that corresponds to slow (adiabatic) change of trajectory gives a trend. 
The second constituent (displacement around the trend) corresponds to thermal motion in the 
fast oscillating field that appears due to dynamic interaction of atoms.  
 Let the discrete values x1, x2, …, xn are obtained from the continuous series x(t) of length 
T when counting at time intervals Δt. This gives n=T/Δt chosen values of xk, where  

,)tkt(xxk Δ==    .n,,2,1k K=  

If we have only a record of finite length, we obtain instead of genuine function its sample es-
timate. The discrete sample estimate of autocovariance function is [15] 
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The discrete sample estimate of autocorrelation function can be calculated from the formula 
.)0(c/)k(c)k(r xxxxxx =  

Fourier transform of sample estimate of autocovariance function gives sample spectral density 
(sample spectrum) 
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Here s=k Δt, ω is a frequency.  
 As a rule, the sample spectrum of time series oscillates violently and resembles a theoreti-
cal one very little. This is due to the fact that the sample spectral density is not a consistent 
estimate, i.e. its distribution does not contract to a true value as the amount of sampling in-
creases. The methods of improving spectral estimates are based on the smoothing of sample 
estimates [14, 15]. For this purpose initial time series is divided into q series each of them 
having the length m, at that qm=n. Then one considers the mean value < cxx(ω)> of sample 
spectra q at frequency ω. In this case, the average of distribution of sample smoothing spectral 
density corresponds to the observation of theoretical spectrum looking through the spectral 
window 
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In the time area it corresponds to multiplying autocorrelation function by the correlation win-
dow 
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Both windows are known as Bartlett’s windows. For pure random processes, separate series 
of partition are independent so that the variation < cxx(ω)> is q times less than the variation 
cxx(ω). There are also other windows that found application in molecular dynamics, e.g. Tu-
key window [17]. 
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 Choosing the length m , one can regulate the width of window. If m→ 0, the variation of 
spectral estimate decreases, but at that the width of window that is proportional to 1/m in-
creases. As a result, the bias of estimator increases. On the other hand, the narrow spectral 
window, decreasing the bias of estimator, increases the variation simultaneously. The optimal 
way consists in the following. At first one makes a pilot spectral analysis, on the basis of 
which the cut-off point m is being chosen there, where the pilot autocorrelation function de-
viate from theoretical one [14].  
 We have considered this problem in detail because of the following reason. Physicists, as 
a rule, are unacquainted with spectral analysis which combines notions and methods of Fouri-
er analysis and probability theory. As a consequence, they use classical Fourier analysis 
which was developed for deterministic functions. As a result, the spectral density of vibrations 
calculated from the data of molecular dynamics simulations contains large oscillations of ar-
tificial origin and gives distorted picture of spectrum (see e.g. [18]).  
 
7. Thermalization, ergodicity, and mixing 
Molecular dynamics studies of deformation and fracture of various models of solids (anhar-
monic chains of atoms, two- and three-dimensional crystals) have discovered new phenomena 
and have led to new notions in physics of strength [11-14, 19]. It has given the possibility to 
connect deformation and fracture with the wide range of phenomena which basis is nonlinear 
vibrations. Besides, these investigations allowed look at “uncontrolled motion of particles of 
macro system which is spoken of as chaotic or thermal [9]” on the other hand. 
 Consider how views on thermal motion were changing [19]. In 1914 Peter Joseph Wil-
liam Debye (1884–1966) suggested that limited thermal conductivity of crystals is induced by 
anharmonicity (nonlinearity) of atomic vibrations. If the interaction force between atoms is 
linear, then the energy is transferred unhindered by independent normal modes. In a crystal 
lattice with weak nonlinearity, the normal modes begin to interact and this process limits the 
energy transfer. In 1955 this assumption gave impetus to Enrico Fermi, John R. Pasta, and 
Stan M. Ulam to set in Los Alamos a numerical experiment. They proposed to elucidate the 
following question: how statistical properties are generated in a chain of ~100 nonlinear 
bound oscillators. In the case of a linear oscillator, Lagrangian has the form 
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Here Ekin is the kinetic energy, U is the potential energy, m is the oscillator mass, and k is the 
elastic constant. For a nonlinear oscillator there appears a small additional term 
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The initial and boundary conditions were chosen in the form  

,anx,0x n0 ==       
n
isinAai)0t(xi

π
+== ,      0)0t(xi ==& , 

where a is the chain parameter. 
 Thus in the beginning, only one first mode was excited. In a harmonic (linear) chain, the 
energy remained at this mode and higher modes were unexcited. In virtue of nonlinearity, the 
energy should transfer from lower modes to higher ones; the authors expected that the transfer 
should lead to uniform distribution of energy among all degrees of freedom. In that case the 
numerical experiment could be considered as a model of thermal equilibrium formation. Con-
trary to expectation, that computational experiment gave a negative result. At first, the energy 
really was distributing among some low modes, but then it was collecting in the initial mode 
with accuracy up to 98%, after that the process was repeating. Although Fermi himself consi-
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dered the phenomenon as “insignificant discovery”, but later it was called ‘Fermi-Pasta-Ulam 
problem’ and gave impetus to numerous studies of nonlinear vibrations done with the purpose 
to understand the phenomenon. Later it has been established that the phenomenon could be 
described with the help of solitons [20–22]. 
 One of the authors of this paper was interested to find out that molecular dynamics can 
give to physics of strength; in particular what processes, being developed at the atomic level, 
lead to the time dependence of solids strength. For this purpose, tension of anharmonic chains 
of atoms was studied as well as behavior of chains under constant deformation [14, 19]. In the 
latter, the initial and boundary conditions were taken in the form 

)1(anx,0x n0 ε+== ,   )1(ai)0t(xi ε+== ,   
n
isin)(A)0t(xi

πε==& , 

where ε is the given deformation of tension. The interaction of atoms was described with the 
help of Morse potential; in addition to the study of atomic trajectories, spectral density of vi-
brations was also investigated.  
 The spectral analysis of atomic vibrations in chains having different length, temperature, 
and tension revealed resettability of spectrum. The analysis of atomic trajectories, done in pa-
rallel, has discovered new quasi-particles. They were named dilatons; the name derives from 
the fact that the quasi-particles represented anomalously stretched atomic bonds [14, 19, and 
23]. Their trajectories have also revealed resettability that correlated with the resettability of 
spectrum. To exclude the dilatons, Fermi-Pasta-Ulam calculations were repeated for nonde-
formed anharmonic chains with Morse potential in a significantly wider time interval. In the 
first cycle of resettability, the picture was the same as discovered by the pioneers, i.e. only 
some low modes were excited [20–22]. However, during the second cycle there appeared high 
modes which weakened the low modes, and the resettability has disappeared.  
 The appearance of high modes is connected with calculation errors that occur by the fol-
lowing reasons [14, 24]. They are: a) change of differential equations by difference ones 
(truncation error); b) iteration method of calculation (iteration error); c) discontinuity or sharp 
change of a derivative (discontinuity error); d) finite length of computer registers (round off 
error). The errors are inevitable; they lead to motion instability and, as a consequence, to irre-
versibility. The measure of motion stability is Krylov-Kolmogorov entropy or K–entropy [9]. 
It is defined by the formula  

,
)0(D
)t(Dln

t
1)t(K =  

where t is a time,  

[ ]2
21 )t()t()t(D xx −=  

is the distance in a phase space between points of two trajectories 1 and 2, and D(0) is the dis-
tance at the initial moment. If the motion is stable, K(t) is approximates to zero with time t. It 
is well to bear in mind the formula to be of theoretical interest because it leaves out account 
discrete nature of a computer.  
 The practical way of estimating the motion stability is to check keeping a phase trajectory 
up. It is as follows [14, 25]. For simplicity, consider one-dimensional case. On integrating the 
equations of motion at the same initial and boundary conditions but with different time steps 
Δt1 and Δt2, e.g. Δt2=Δt1 /2, we will have different noises. Let us calculate the values 
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Here x(t), v(t) is the coordinate and velocity of some atom. The norm of deflection vector  
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gives the deflection error of phase trajectory 

[ ]2
21 )t()t()t(D xx −= , 

i.e. characterizes the accuracy of computational algorithm or, in other words, its calculating 
entropy. 
 As in the case of spectral analysis, we have carefully considered methodical questions. 
The reason is that in the majority of work on molecular dynamics of conservative systems the 
law of conservation of energy is usually taken as the criterion of calculation accuracy. How-
ever the conservation of energy does not mean that the phase trajectories conserve too.  
 Let us return to Fermi-Pasta-Ulam problem. The problem has again attracted attention to 
the question how a system of particles comes to equilibrium. In this connection there ap-
peared a lot of new terms and hypotheses. This makes difficulties when reading scientific lite-
rature, so briefly review these notions [5, 10, and 19]. The transition of a system in the state of 
thermal equilibrium is called thermalization [from gr. θερμη – heat + λισις – release, decom-
position]. At this, dynamic characteristics of the system are changing with time in a random 
way, and the system acquires statistical properties. The word statist originates from Greek 
word στατος that signifies standing; supernumeraries in a theatre are usually standing so that 
the word statistics has the meaning of a mass phenomenon. As a result, deterministic mechan-
ics behaves as though it were statistical and obeying to random laws. In this connection a 
transition from determinism to randomness is also spoken of as a transition to stochasticity 
[from gr. στοχος – guess, supposition]. Besides, under the influence of Ludwig Boltzmann 
and Josiah Willard Gibbs, one uses terms ergodicity [from gr. εργον – work + οδος – way, 
road] and mixing.  
 According to Boltzmann, a system is ergodic if, during transition to an equilibrium state, 
the phase trajectories begin to cover uniformly all accessible energy surface. Ergodicity in 
physics is connected with ergodicity hypothesis that consists in the following assumption: 
time average of a physical value is equal to its statistical average. The hypothesis is the subs-
tantiation of statistical physics. In mathematics, one says about ergodic theory. Here classical 
dynamic systems are considered, the motion of which is described with differential equations, 
but these systems have strong statistical properties resembling the properties of a random 
process. In this case, one says that the classical dynamic system is isomorphous to probabilis-
tic one.  
 According to Gibbs, transition to an equilibrium state is equivalent to integration of sev-
eral identical systems, initially isolated, into one. At that, the equations of motion produce in 
the phase space a flow of initial states which mixing leads to uniform distribution of final 
states on the energy surface. At first, mixing was illustrated with the example given by Gibbs 
– dilution of ink with water. Now one uses more strong drinks and mixing is illustrated as 
preparation of cocktail from gin and vermouth. 
 
8. Temperature and variance 
Earlier [1] we have considered the evolution of such notions as heat and temperature, but the 
definition was given only for the temperature of ideal gas. Here, a temperature is a value that 
is proportional to the variance of distribution function for velocities of ideal gas molecules. In 
the recent paper [26], the authors criticized the definition given in the Physical Encyclopedic 
Dictionary: “In equilibrium state temperature is proportional to average kinetic energy of par-
ticles of a body”. The authors [26] point out that “this statement is valid for gases, but is re-
jected vigorously for solids”. Having considered carefully thermal equilibrium in solids, the 
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authors came to conclusion; “inasmuch as the attempts to come to the simple notion ‘tempera-
ture’ on the basis of quantum dynamics in solids have not been successful, we suggest as a 
temperature of solid to consider a temperature of a gas that is in equilibrium with the solid”. 
With the criticism of the definition given in the Dictionary, it is hard not to be agree, however 
what is suggested in fact is the way of measuring but not definition of the notion.  
 State our point of view. At the beginning of the XX century, solid state physics is charac-
terized by two major achievements: the theory of X-ray scattering and the theory of vibrations 
of crystal lattice [27]. The latter theory proceeds from the assumption that thermal vibrations 
of solids represent superposition of elastic vibrations similar to sound waves. In order to de-
scribe the decrease of scattering intensity with increasing temperature, one was compelled to 
combine both theories. As a result, it has been possible to describe the decrease with the help 
of factor exp(–2W) depending on a temperature. The factor was developed by Debye and Wal-
ler and is referred to by their names [27–29]. The value of W is defined with the formula  
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Here  is Planck constant, Kh 2 is the vector of reciprocal lattice squared, m is the mass of 
atom, k is the Boltzmann constant, and θ is the Debye temperature. Recall that Debye temper-
ature is the temperature above which all the normal vibrations are exited and below which 
some modes begin to freeze out. For us it is important that the value W in the state of thermal 
equilibrium is proportional to the mean square amplitude of atomic vibrations <u2> at tem-
perature T [29] 
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From these formulae it follows that above Debye temperature  
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 The mean square displacement of an atom from the equilibrium position – this is just the 
variance. Consequently, at high temperatures, as in the case of ideal gas, the temperature is 
proportional to the variance of distribution function; but these distribution functions are dif-
ferent. For ideal gases, it is the distribution function for velocities of ideal gas molecules; for 
solids it is the distribution function for atomic displacements from the equilibrium position. 
Below Debye temperature, the temperature is connected with variance by more complex de-
pendence that is given by Debye–Waller factor. 
 The mean square displacement of atom from the equilibrium position associated with zero 
vibrations does not depend on a temperature and has the form [30] 
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Here the variance is connected not with a temperature (since there is no temperature) but with 
the variance of the wave function of oscillator. The wave function has the form of Gaussian 
distribution  

)2/u(expA 22α− ;  
its variance is equal to α–2. The square of wave function gives the probability to find the oscil-
lator at the distance u from a center of equilibrium.  
 In radiation solid state physics, the main subject of investigation are real crystals that con-
tain a lot of various defects created by irradiation [31–34]. The structure of damage zones and 
behavior of radiation defects are strongly influenced by a temperature; therefore serious ef-
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forts were made to develop a corresponding theory. The frontal attack had no success; theoret-
ical results were not in agreement with experiment. The viable alternative consists in the fol-
lowing [14, 35, and 36]. From the two last formulae it follows:  

a) Amplitude of vibration increases with increasing temperature,  
b) Amplitude of vibration increases with decreasing mass of an atom. 

Therefore, one and the same effect can be obtained if to increase the temperature at constant 
mass or at zero temperature to decrease the mass of atom. Consequently we can estimate the 
influence of temperature substituting a habitual mass for effective one that depends on tem-
perature 

T9
m)T(m θ .=  

This simple formula has an even greater impact on radiation solid state physics than one is 
inclined to think. With its help, temperature was incorporated into equations of mechanics. 
This allowed calculating the temperature dependence of such values that are crucial for radia-
tion solid state physics; among them are transient energy, i.e. the kinetic energy of a fast par-
ticle above which a crystalline target behaves as an amorphous material; effective diameter of 
collisions, dimensions and form of subcascades, free path of crowdion etc. Apparently, un-
usual effectiveness of the formula and the expressions obtained on its base lies in the fact that 
it connects a measure of chaos (temperature) with a measure of inertia (mass). 
 
9. Self-organization of chaos 
A drawback of any statistical theory resides in the fact that it gives only general or averaged 
description, not providing all the necessary information on the behavior of many-body sys-
tems. A distinguishing characteristic of such systems is presence of fluctuations [10]. A fluc-
tuation [from lat. fluctuatio – oscillation] is a random deviation of a physical value from its 
mean value. In statistical physics, the fluctuations are supposed to be connected with uncon-
trolled motion that is named chaotic or thermal [9]. Only Maxwell demon and molecular dy-
namics know everything about the motion of all particles. With the help of these tools it is 
possible “to gain a more penetrating insight into heat nature and even to develop some con-
cepts”. 
 The main assumption of kinetic concept of strength is as follows: fracture is a successive 
break of interatomic bonds with thermal fluctuations, the process being referred to all solids 
irrespective of the nature of interatomic forces and peculiarity of material structure [37]. But 
what is meant by the thermal fluctuation that is able to break an interatomic bond? No re-
sponse. Only molecular dynamics gave the possibility to gain a more penetrating insight into 
physical nature of rupture fluctuations [14, 19, and 38]. It turned out that the rupture fluctua-
tion is not merely a thermal fluctuation, but has a very complex structure. It is a phenomenon 
in which there appear not only fluctuations of kinetic energy but also fluctuations of potential 
energy. But the most surprising was the fact that during interatomic bond rupture there 
formed a region of correlated motion. In this region, two groups of atoms surrounding the 
bond ruptured were moving in an antiphase and played the role of tension grips.  
 Consider the correlated motion in detail [14, 19, and 39]. To characterize this phenome-
non quantitatively, the linear momentum P, averaged through the period of atomic vibrations 
τ0, was calculated 
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Here x is the coordinate, t is the time. The linear momentum consists of two constituents 
.)t,x(p)t,x(P)t,x(P 0 +=  
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The first constituent corresponds to smooth running and describes a trend; whereas the second 
one represents fluctuations with the frequency of the order of atomic vibration frequency 
around the trend. The average value of p (x, t) in the time τ0 is close to zero; so the function 
P0(x, t) changes very little in this time. For this reason, we can take as the order parameter η 
the dimensionless quantity  
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Here L is the length of the region where the correlated motion takes place.  
 The distribution function for the order parameter that depends on coordinates has the form 
[40] 
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Here the coefficient α depends on the temperature T as )TT( c0 −=αα  and changes the sign at 
some threshold value of parameter Tc, the positive coefficients α0, β do not depend on a tem-
perature, and γ is the diffusion coefficient of the order parameter. From the relaxation equa-
tion  
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we obtain the time –dependent Ginzburg–Landau equation 
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 Molecular dynamics dropped a hint that the solution of this equation should be searched 
in the form of the running wave  
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In this case the equation takes the form 
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where the prime means the differentiation with respect to x. The authors [39] have found the 
divergent solution of this nonlinear equation in the form of the rupture wave  
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where η0 is the amplitude and Δ is the correlation length. The solution was named the soliton 
of order parameter (Fig. 3). 
 The example shows that a soliton-like structure can be formed spontaneously in the chaos 
of thermal motion. 
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Fig. 3. Solitons of order parameter. Both waves appear simultaneously; two groups of atoms 
are moving in an antiphase and play the role of tensile grips that stretch an interatomic bond 

up to rupture. 
 
10. Conclusions 
In the previous lecture [1] we have considered how such notions as heat, temperature, and en-
tropy originated beginning with the appearance of heat science and ending with the XIX cen-
tury when the subject of investigation was at first vapor and then ideal and real gases. In this 
paper we have considered the evolution of those notions in the XX century when the subject 
of investigation in physics was mainly solids. Gases and solids are two limiting aggregate 
state of substance surrounding us. Along with them there are liquids and polymers. Polymers 
are the substances which molecules consist of a large number of repeating groups (mono-
mers). If the number of atoms in a molecule exceeds 1000, the molecule is named a macromo-
lecule (Hermann Staudinger, 1922). It is thought that the subsequent increasing of monomers 
does not change properties of a macromolecule significantly. Polymers have the properties 
that make them similar both to liquids and to solids; therefore they are marked out as a special 
class – soft condensed matter. 
 In parallel with physics, informatics was developing practically independently. It made 
significant contribution to better understanding of the notions, especially of entropy. At the 
second half of the XX century the informational approach began to penetrate into physics. 
That was induced by the fact that computers came into wide use in physical investigations. As 
a result, the new style of investigation was born: numerical experiment and subsequent analy-
sis of results obtained. This style becomes more and more important in a scientific discovery. 
Ideally, the approach should be finished with a new theory.  
 The computational experiments done at the second half of the XX century, at first few in 
numbers, have shown that chaos, even in solids, had a structure. The computer simulations of 
polymers and biopolymers have revealed that this soft condensed matter was favorably dis-
posed towards self-organization [41–43]. In this connection the new problems raise: what are 
the mechanisms of self-organization; how, with all this going on, behave themselves tempera-
ture and entropy; do they conserve their initial sense or change it. These questions are beyond 
the scope of this lecture.   
 Making the summary we can say the following. The evolution of notions is proceeding 
from particular to general. At the second half of the XX century, the most general definition 
of heat, temperature, and entropy in physics could be sound thus: heat is a quantity of chaos, 
temperature is a variance of chaos, and entropy is a density of chaos. These conclusions fol-
low from the traditional study of different models of condensed matter. However, the main 
issue how chaos and heat are connected with the types of motion in a system of particle re-
mains, as in Boltzmann’s times, at the level of hypotheses.  
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