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Abstract. Irreversibility of physical systems is discussed by 
considering the simplest example of a low-density gas, 
either in isolation or in the rma l equi lbr ium with the walls 
of a container . At ten t ion is concent ra ted on an analysis of 
a logical scheme for a theoret ical descript ion of irrever
sibility. 

1. Introduction 
Irreversibility is a universal principle of the Universe , which 
applies no t only to life, bu t also to m a n y physical 
p h e n o m e n a in na tu re . It would no t be an exaggerat ion 
to say tha t we are immersed in an irreversible gradual ly 
evolving Universe . However , the classical laws of m e c h a n 
ics are reversible in t ime. The main equa t ions of q u a n t u m 
mechanics are also reversible. Therefore, the quest ion of 
h o w a descript ion of irreversible processes can be derived 
from the reversible equa t ions of dynamics has been 
discussed repeatedly and cont inues to be discussed in the 
physics l i terature. I do no t wish to comment here on all the 
po in t s of view on this topic . I shall set myself a simpler 
task: I shall t ake as an example one of the simplest physical 
systems with an inherent in ternal irreversibility and I shall 
t ry to analyse m o r e carefully the logical reasoning scheme 
result ing in a theoret ical descript ion of irreversibility. I shall 
select a low-density gas of weakly interact ing a t o m s as the 
simplest system. I shall assume tha t the gas is inside a closed 
container and it m a y be in the rmal equil ibrium, including 
equil ibrium with uniformly heated container walls. 

It is k n o w n tha t the behaviour of such a gas is described 
by the Bo l t zmann kinetic ( t ranspor t ) equa t ion for the 
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part icle dis t r ibut ion function F(r, v, t), where r is the 
coord ina te (a three-dimensional vector) and v is the 
velocity of a part icle. All the part icles are assumed to be 
characterised by the same dis t r ibut ion function, so tha t 
F = nf(r, v, t), where n is the part icle density a n d / ( r , v, t) is 
the single-particle dis t r ibut ion function. 

Bo l t zmann deduced his kinetic equat ion with the help of 
just one perfectly na tu ra l assumpt ion : the a t o m s in a gas are 
assumed to be uncorre la ted before their pair collisions. 
Bo l t zmann called this the 'molecular chaos ' hypothesis . 
This hypothesis seems qui te na tu ra l , a l though in no way 
does it follow from molecular dynamics . 

It has been proved tha t jus t this hypothes is is quite 
sufficient to in t roduce physical irreversibility explicitly: 
according to the famous H theorem, the kinetic equat ion 
describes irreversible re laxat ion of a gas to t h e r m o d y n a m i c 
equil ibrium accompanied by a m o n o t o n i c increase of the 
en t ropy with t ime. The quest ion arises as to which physical 
p h e n o m e n o n underl ies the hypothesis of molecular chaos 
and h o w this p h e n o m e n o n can be considered within the 
f ramework of a m o r e r igorous logical scheme. This is the 
quest ion which will be discussed here. I shall begin with a 
gas of classical part icles and discuss later a m o r e r igorous 
q u a n t u m descript ion of the behaviour of a toms . 

2. Classical irreversibility 
In the approx ima t ion of classical part icles we can regard 
the a t o m s as t iny ha rd balls colliding elastically with one 
another . If the diameter of these balls is d, the collisions 
occur for impact pa rame te r s smaller t han d. This means 
tha t the scat tering cross section is a = %d2 and the mean 
free p a t h is X = l/na, where n is the average density of 
a toms . The gas is considered to be of low density if X > y/a, 
i.e. if na3/2 <| 1. 

W e shall assume first tha t the gas is inside a container of 
vo lume V with ideally (specularly) reflecting walls. The to ta l 
number of a toms in the vo lume V, equal to N = nV, will be 
regarded as very large: N 5> 1. W e can easily see tha t such a 
system of elastically interact ing part icles is fully reversible in 
t ime. In fact, the poten t ia l of the interact ion of the part icles 
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with one another and with the container walls depends only 
on the coordinates . Therefore, N e w t o n ' s equa t ions are no t 
affected by the replacement of t with —t. This means tha t 
for any initial state t = 0 a system of classical elastic 
part icles evolves up to a m o m e n t t reaching such a state 
tha t after t ime reversal the system exactly repeats its 
evolut ion in the reverse order . Na tu ra l ly , such a 'reverse 
c inema ' scenario can be realised also by ins tan taneous 
t rans format ion of the velocities vt —> — vt for each iih 
part icle from the to ta l set of N part icles. Thus , molecular 
mechanics of a gas is reversible in t ime, which is clearly in 
conflict with the reality tha t we experience. 

Figure 1. As a result of a small displacement of an atom A, its path 
(dotted line) begins to deviate significantly from its initial path 
(continuous line) after the very first few collisions with other atoms. 

W e can unde r s t and the origin of irreversibility by 
considering in greater detail the dynamics of gas a toms . 
Let us select a test part icle A (Fig. 1). Such a part icle travels 
freely for a t ime. I ts velocity then changes ins tantaneous ly 
because of a collision with ano ther a tom B, and it flies on to 
the next collision. The average length of such free-flight 
segments is A, i.e. it is equal to the mean free pa th . The 
average t ime between consecutive collisions is % = X/vu 

where v t is the average velocity of a part icle. The p a t h of a 
specific test part icle is very sensitive to the specific posi t ions 
and pa r tne r s in pair collisions with the other part icles. 
Therefore, such a p a t h is r a n d o m and the cor responding 
process is k n o w n as dynamic chaos . In our case, dynamic 
chaos is related to the large number of pa r tne r s tha t 
par t ic ipa te in collisions. However , it is well k n o w n tha t 
dynamic chaos occurs also in systems with few degrees of 
freedom. 

D y n a m i c chaos by itself cannot account for the 
appearance of irreversibility. N o mat te r h o w complex is 
the evolut ion of a system from the pas t to the future, a 
closed system of classical part icles must follow in the 
reverse order the same p a t h in the phase space when t is 
replaced with —t. Therefore, irreversibility is no t a direct 
consequence of chaos a l though it m a y be related indirectly 
to chaos . 

To proceed further, we mus t consider one other feature 
of chaot ic systems which is the divergence of the p a t h s in 
the phase space. Once again, let us consider a test part icle 
(Fig. 1) and examine no t only its real pa th , bu t a possible 
p a t h lying close to it. F o r example, we can assume tha t the 
test part icle is displaced slightly by a very small dis tance 
Then , after the first collision the scattering direction 
changes by a small angle y0 = £/a, where a = y/a is a 
characterist ic interact ion length. A small deviat ion y alters 
the impact pa ramete r by yX in the second collision, so tha t 
after the second scattering the direction of mo t ion of the 
test part icles changes by yx ~ (£/a)-(X/a). After q scat tering 
events, the angle becomes approximate ly yq = (£j d)\Xj d)q. 
Since X/a > 1, the value of the angle yq increases rapidly 

with the number of scattering events. If yq ~ 1, the part icle 
p a t h j u m p s to the next a tom and the per tu rbed part icle pa th 
becomes quite different from the initial one. F o r example, 
after q = \n(a/E)/\n(X/a) scat tering events a part icle 
follows a very different pa th . In other words , the initially 
close p a t h s begin to diverge exponential ly. This divergence 
of the p a t h s results eventually in irreversibility. However , 
we must also unde r s t and h o w this occurs. 

As shown above, there is no irreversibility in a closed 
system of classical part icles. However , even negligible 
external pe r tu rba t ions are sufficient for the appearance 
of irreversibility. W e can see tha t it is sufficient to displace 
one of the colliding a t o m s by jus t £ ~ a /X = G/X to ensure 
tha t after one or two collisions the part icle p a t h s become 
completely different from the initial pa th s when { = 0. The 
quant i ty { ~ G/X is negligible; for example, in a tmospher ic 
air at n o r m a l pressure we have { ~ 10~ 7 X ~ 1 0 - 1 1 cm. If 
we assume tha t the gas is in a larger or smaller container i.e. 
if we t ake account of the feasibility of heat exchange with 
the walls because of inelastic collisions, then displacements 
on this scale are quite likely even far from the walls. N e a r a 
wall the elastic collisions of a t o m s with it m a y result in 
displacements of the order of X and then pe r tu rba t ions are 
t ransferred into the gas interior either by diffusion or by 
acoust ic noise, which is generated near the walls because of 
inelastic collisions. Such collisions cont r ibu te to the add i 
t ional a t t enua t ion of acoust ic waves and, according to the 
f l uc tua t ion -d i s s ipa t ion theorem, the wall layers of a gas 
can generate addi t iona l acoust ic noise. This noise m a y 
result in displacements of a toms within the gas and thus 
transfer a t o m s from some uns tab le p a t h s to others . 

It is these external pe r tu rba t ions tha t create irrever
sibility. They can be regarded as a certain type of chaot ic 
noise. Therefore, molecular dynamics can be considered as 
a special ' chaos amplifier ' with respect to the arr ival of 
external noise. The 'amplifier ' has an eno rmous gain. The 
number of collisions needed to displace pa th s depends only 
logari thmical ly on the external noise intensity. Therefore, 
even a very weak interact ion with the envi ronment radically 
alters the behaviour of the gas a toms . All the long-range 
correla t ions of a t o m s are destroyed very rapidly: this 
h a p p e n s over a per iod of just one or two typical pair 
collision t imes. The behaviour of a t o m s with the same 
initial velocities thus becomes mono typ ic : they move and 
collide with other a t o m s in accordance with the same 
statistical laws. Consequent ly , a many-par t ic le dis t r ibut ion 
function is t ransformed into a p roduc t of single-particle 
dis t r ibut ion functions which obey the Bo l t zmann equat ion . 

It follows tha t , strictly speaking, molecular chaos in a 
gas of classical part icles is created by the external environ
ment . Clearly the behaviour of such a gas becomes 
irreversible: we could reverse the velocities of molecules 
inside the container , bu t the external envi ronment is outs ide 
our control . Therefore, reversibility for t —> —t can exist for 
a per iod no t greater t han one or two mean collision t imes 
and then the gas again forgets its initial state and its 
evolut ion is exactly the same as at t > 0 (but with the 
reversed gas dynamic velocities). 

W e can therefore see tha t irreversibility can appear 
wi thout energy transfer to or r emova l from a gas. Pa th s 
become chaot ic simply because of small displacements of 
a toms , i.e. due to a characteris t ic ' dephas ing ' in the pair 
collision processes. Irreversibility is unre la ted to energy 
changes. 
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W e can unde r s t and bet ter the na tu re of classical 
irreversibility by considering an idealised though t experi
ment . Let us consider a gas with the density of a t o m s n in a 
spherical container of rad ius R with specularly reflecting 
walls. Such a gas is clearly an ideal mechanica l system with 
mot ion fully reversible in t ime. Let us n o w assume tha t the 
container walls are very thin and tha t outs ide the container 
there is exactly the same gas with the same average velocity 
of the rma l mo t ion of a t o m s and with the same density n. 
Let b o t h gases be on the average at rest. Let us assume tha t 
the external gas is in a state of the rmal equil ibrium and tha t 
its interact ion with the external Universe is such tha t 
molecular chaos is established inside the gas. W e shall 
assume tha t the mean free p a t h X is much less than the 
container rad ius R. 

Let us assume tha t at the m o m e n t t = 0 the wall 
separa t ing the two gases d isappears . A n initial discont inui ty 
then separates the two gases: the external gas which is in 
the rmal equil ibr ium and the in ternal system of a t o m s which 
is in complex bu t fully reversible mot ion . Clearly, the 
r a n d o m the rmal mo t ion of the external gas together 
with the acoustic the rma l noise should lead to chaot isa t ion 
of the p a t h s of the a t o m s of the internal gas. One collision 
of the chaotised gas is sufficient for dephas ing of the p a t h of 
an internal-gas a tom. A n irreversible front therefore begins 
to p r o p a g a t e inside the region with reversible mo t ion of 
a t o m s (Fig. 2). A h e a d of this front the mot ion is still 
reversible, bu t behind, it is irreversible. In other words , 
a reversibil i ty-destroying front p ropaga te s inside the gas. 

Figure 2. Irreversibility front of radius r s collapses towards the centre at 
the velocity of sound after the disappearance of a shell of radius R 
separating an internal reversible gas from an external irreversible 
environment. 

It is k n o w n tha t any travell ing weak discont inui ty in a 
gas p ropaga te s at the velocity of sound, c s = (yT/m)1^2, 
where y is the adiabat ic exponent , T is the absolute 
t empera tu re , and m is the mass of an a tom. The rad ius 
of a sphere r s with reversible mo t ion inside it will 
correspondingly contrac t in accordance with the law 
r s = R —cst. At t = R/cs the reversible region disappears . 
A n equil ibrium gas with the usua l r a n d o m pa th s of a t o m s 
and with destroyed long-range correla t ions between their 
mo t ions forms behind the moving front. The correla t ions in 
the mo t ions of a toms are destroyed in the front itself, the 
width of which is of the order of X. A h e a d of the front we 
have a classical mechanica l system with a perfectly deter
mina te and, therefore, un ique p a t h in the phase front. The 
replacement of t with — t in this system simply reverses the 
direction of mo t ion of the system along a pa th . W e should 
therefore assume tha t there is no disordered mo t ion inside 
the sphere of rad ius r s . This means tha t the en t ropy of the 

system of a t o m s inside the sphere of rad ius r s is zero. 
Immedia te ly after the passage of the front this equil ibrium 
gas acquires an en t ropy S (per uni t volume), which can be 
calculated in accordance with the familiar m e t h o d s of 
statistical physics. 

The main physical process occurr ing at the moving front 
thus involves en t ropy creat ion beginning from zero to the 
value S per uni t volume. The process of en t ropy creat ion is 
irreversible and, therefore, the irreversibility front can move 
only in one direction: t owards the reversible mechanica l 
system of part icles with zero ent ropy. 

W e shall n o w have to consider h o w and from wha t 
en t ropy is created. W e shall do this by applying the well-
k n o w n Bo l t zmann formula: 

S=k\nT. (1) 

Here , r is the number of possible microscopic states of a 
system when its macroscopic pa rame te r s (for example, the 
gas density and t empera tu re ) are fixed. The pa ramete r k, 
k n o w n as the Bo l t zmann constant , appears because the 
absolute t empera tu re is measured in kelvins and the energy 
of an a tom is measured in ergs or joules . If we agree to 
measure the absolute t empera tu re in the same energy uni ts 
as the energy of a toms , we can assume tha t k = 1. This 
choice of uni ts is m o r e convenient , so tha t we shall 
pos tu la te tha t k = 1 in formula (1). 

In classical mechanics the n u m b e r s of states r is no t 
defined r igorously. However , if following the uncer ta in ty 
principle AxAp w ft, we divide the whole phase space into 
discrete cells of size Ax and Ap, so tha t AxAp w H, the value 
of r becomes fully de terminate . 

W e shall agree to use the same discrete cellular space to 
describe the mechanica l mo t ion of a system of classical 
part icles also. W e then encounter immediate ly the concept 
of informat ion. Let us consider our mechanica l system of 
a t o m s at some fixed m o m e n t in t ime. At this m o m e n t the 
phase poin t of this system is a un ique one cell out of r 
possible cells. W e can see tha t the probabi l i ty of finding the 
system in this cell is p = l/T. If all the possible cells are 
t aken into account , the system of a t o m s can be regarded as 
a m e m o r y with the informat ion capacity 

I = -\x\p = \x\r. (2) 

This is exactly the informat ion carried by a classical system 
of a t o m s at any m o m e n t in t ime. D u r i n g evolut ion in t ime 
the phase poin t moves a long a very n a r r o w (of width 
a m o u n t i n g to one cell) filament in the phase space, so tha t 
its informat ion is conserved. 

In the Shannon relat ionship (2), informat ion is meas 
ured in ' na t s ' and no t in bits , so tha t the link between this 
relat ionship and the en t ropy given by formula (1) with 
k = 1 becomes obvious . If informat ion is erased completely, 
the system of a t o m s can be in any one of the possible cells, 
the number of which is T. Perfectly r a n d o m the rmal mo t ion 
is then established. 

Thus , complete erasure of informat ion and its conver
sion into en t ropy occurs at the irreversibility front. A h e a d 
of the front we have a mechanica l system with a fully 
de terminate behaviour in t ime, bu t behind the front we have 
the rmal mo t ion chaos . W e must stress once again tha t this 
chaos is created by an infinitesimally weak noise from the 
irreversible external envi ronment . The dynamics of a toms in 
the gas amplifies this chaos by a large factor and converts it 
into the molecular chaos of the rma l mot ion . 
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W e shall n o w consider some p rob lems encountered in 
var ious t ex tbooks on the rmodynamics and statistical 
physics or simply in popu la r pape r s on physics. F o r 
example, one of the frequently asked quest ions is as 
follows: is there an ins tan taneous t empera tu re? P a r a d o x 
ically, for a gas of classical part icles the answer should be 
negative: there is no ins tan taneous t empera tu re . 

In fact, any ins tan taneous state of a system of classical 
part icles should be regarded as specified exactly, i.e. as 
having zero en t ropy and to ta l informat ion / = In r. There 
fore, we cannot in t roduce the ins tan taneous t empera tu re 
concept (we can assume tha t this t empera tu re is zero, bu t 
this is not very significant). Only in the presence of weak 
external pe r tu rba t ions , amplified by the pair collisions of 
part icles after a t ime interval of the order of the mean 
collision t ime, do we encounter real molecular chaos with 
the cor responding t empera tu re which is a measure of the 
chaot ic the rma l mot ion . A n y initial informat ion then 
d isappears and the en t ropy reaches its m a x i m u m value 
S = l n T . It is this process of the appearance of t empera tu re 
with s imul taneous conversion of informat ion into en t ropy 
which occurs in the n a r r o w layer of an irreversibility front 
shown in Fig. 2. 

The second frequently asked quest ion is: why is it 
possible to use a statistical app roach to the descript ion 
of the behaviour of a gas of classical particles? Var ious 
answers have been given. It is somet imes said tha t a 
statistical descript ion is used because the exact initial 
da ta are no t k n o w n . One can also encounter the s ta tement 
tha t statistics is used because it is not possible to integrate 
the equa t ions of mo t ion for an e n o r m o u s number of 
part icles. It is easy to see tha t neither of these two answers 
can be regarded as fully correct. 

W e shall begin with the second answer. In n o r m a l air 
under a tmospher ic pressure in a vo lume of the order of A3 

there are N = l/o3n2 ~ 10 8 particles. This is of course a 
large, bu t no t an e n o r m o u s number . The en t ropy S = l n T 
of N gas molecules at r o o m t empera tu re is approximate ly 
S=Nx 30 = 3x 10 9 . Consequent ly , the informat ion car
ried by the initial state is measured in gigabytes, which can 
be dealt with qui te readily by a mode rn computer . A 
supercomputer can carry out calculat ions analysing the 
evolut ion of gas molecules for a certain number of pair 
collisions. If desirable or essential, it is possible to s imulate 
gas dynamics in the approx ima t ion of enlarged particles. 

Let us n o w consider the first answer. Strictly speaking, 
the fact tha t we do no t k n o w the initial da ta does no t give 
us any right to employ a probabi l is t ic descript ion. After all, 
such a description should be applied not to m a n y repeated 
measurements bu t to one na tu r a l system. This system is 
closed and evolves a long a single p a t h in the phase space. 
The replacement of such a system with an ensemble of 
systems with somewhat different initial da ta is no t only 
logically unjustified, bu t leads to certain logical difficulties. 

In fact, the uncer ta in ty abou t the initial da ta can be 
allowed for by the creat ion at t = 0 of a ' d r o p ' of the 
dis t r ibut ion function in the phase space. D u r i n g the 
subsequent evolut ion of a closed system each poin t of 
such a d rop moves a long a un ique r igorously defined pa th . 
The p a t h s diverge, so tha t very soon a ' co t ton w o o l ' or 
' spider 's w e b ' is formed and it is filled with po in t s of the 
initial d is t r ibut ion function. It is usua l to carry out 'coarse
grained averaging ' in order to simplify the descript ion of 
this co t ton wool . However , this averaging opera t ion is no t 

justified in any way: it is artificial and imposed from 
outside. Only a real d is turbance of the pa th s by an external 
noise creates condi t ions justifying such averaging. 

W e thus can d raw once again the conclusion tha t 
irreversibility of a gas of classical part icles and the justifica
t ion for its statistical descript ion are determined by a very 
weak interact ion of the investigated system with an irrever
sible external envi ronment . Collisions of part icles greatly 
amplify the external chaot ic pe r tu rba t ions and destroy the 
long-range correla t ions in the mo t ion of part icles. As a 
result, this mo t ion becomes monotyp ic : every part icle 
behaves similarly and can be characterised by a single-
part icle probabi l is t ic dis t r ibut ion function. The Bo l t zmann 
equat ion is formulated precisely for this function. 

The macroscopic characterist ics of a gas can behave 
similarly in a closed system and in a system which is in 
contact with the external world . However , the hypothesis of 
molecular chaos is logically justified only if we assume tha t 
the gas in quest ion is characterised by a very weak inter
action with the irreversible external world . Closed and open 
systems differ greatly from the logical po in t of view. 

3. Quantum irreversibility 
Q u a n t u m irreversibility differs greatly from classical 
irreversibility, bu t the reasoning used in the preceding 
section can help here as well. 

Let us again assume tha t we are dealing with a closed 
system of a toms in a container with specularly reflecting 
walls. W e shall assume tha t the gas t empera tu re is 
considerably higher than the degeneracy t empera tu re , so 
tha t the behaviour of a t o m s can be near-classical. W e can 
readily see tha t in a closed system we again have full 
reversibility. In fact, the behaviour of this system is 
described by the Schrodinger equat ion 

i h ^ = H^. (3) 

Here , Ti is the Planck constant , H is the Hami l ton ian , 
and \\f is the wave function which is symmetr ic in N 
variables rx ...rN. 

It follows from E q n (3) tha t the wave function i/f(r, t), 
where r is the set of variables rh can be found from its initial 
value i/f(r, 0) by the opera t ion 

« A ( r , 0 = e x p ^ - ^ ^ ( r . O ) . (4) 

The mat r ix U{t) = Qxp(—iHt/H) is uni tary , so tha t 
U~l(t) = Qxp(iHt/H). W e have therefore the cor respond
ing relat ionship 

«A(r, 0) = U-\t)*(r, t) = exp (^fj*Kr, 0 - (5) 

In other words , the function i/f(r, 0) can be found from a 
given function \j/(r, t) by means of relat ionship (4) bu t with 
reversed t ime: t —> —t. It therefore follows tha t re la t ion
ships (4) and (5) cor respond to the s ta tement tha t a closed 
q u a n t u m system is fully reversible. 

Consequent ly , the irreversibility can appear only as a 
result of a weak interact ion of the investigated system with 
an irreversible external envi ronment . 

It is convenient to begin by considering a certain 
though t experiment in a closed system in order to 
unde r s t and h o w the irreversibility appears in a gas of 
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q u a n t u m particles. Let us assume tha t at some initial 
m o m e n t t = 0 the wave function of N part icles has the 
general form i/f(r, 0), where r is a set of N coordina tes 
of the rt type. W e shall select a test part icle, for 
example, one with the coord ina te rx. W e shall avoid 
complicat ions associated with the identi ty of the part icles 
by pos tu la t ing tha t the test part icle (a tom) has an 
isomeric nucleus, i.e. there is no complete identi ty 
between this a tom and others , a l though the masses of 
all the a toms are the same. W e shall n o w represent the 
function i/f(r, 0) by a super-posi t ion 

* ( r , 0 ) (6) 
J 

Here , each of the functions iAy( r i ) is selected in the form of 
a wave packet labelled by a certain number j and the 
coefficients Cy represent the wave functions of all the 
remain ing a t o m s in the selected state with the wave 
function ^ - ( r ^ o f the first a tom. 

Let us select the width A of a wave packet i A y ( r i ) m s u c n 

a way tha t this packet does no t b r o a d e n very significantly in 
the t ime x = X/vt, where X is the mean free p a t h and vt is the 
average ' t he rma l ' velocity of the a toms . It follows from the 
uncer ta in ty principle, 

ApAx « h, (7) 

tha t the velocity uncer ta in ty in a packet of width Ax ~ A is 
Av ~ TijmA, where m is the mass of an a tom. Our condi t ion 
t*Av w A t hus leads to the approx ima te re la t ionship: 

A2 9* XXQ , (8) 

where XQ is the de Broglie wavelength: XQ = H/mvt. 
W e shall n o w consider the evolut ion of the wave packet 

\jjj{ru t) with t ime. In a low-density gas this packet travels 
freely most of the t ime and is scattered weakly by other 
a toms . In the t ime x = X/vt the initial packet is a lmost 
completely converted into scattered waves. These waves 
undergo secondary scattering and then ter t iary scattering, 
and so on. Let us n o w 'reverse the t ime ' again, i.e. let us 
replace t with —t. Then all the scattered diverging waves 
t ransform into converging waves and the whole wave 
evolut ion occurs in the reverse order , unt i l these waves 
coalesce into the initial wave packet i//j(ru 0). Hence , it 
follows tha t in a reversible system of q u a n t u m particles we 
should encounter in equal measure b o t h diverging (scat
tered) waves and converging waves. The wave function of 
such a system is a very complex and fine construct of 
perfectly correlated converging and diverging waves. 

Let us n o w assume tha t the gas under investigation 
interacts weakly with an irreversible external envi ronment . 
The first and main effect of this interact ion is to destroy the 
exact phase relat ionships between the converging and 
diverging waves. This is called dephasing. Clearly, such 
dephas ing has an influence pr imar i ly on the d isappearance 
of the converging waves, similar to the emission waves in 
o rd inary classical e lectrodynamics . 

The converging waves can be excluded mathemat ica l ly 
by pos tu la t ing weak a t t enua t ion of the scattered waves at 
large distances from the scattering point . A n app roach of 
this kind is employed in q u a n t u m mechanics when the 
optical mode l of a nucleus is considered: a nucleus is 
regarded simply as a bal l of gray mat te r when a neu t ron 
is scattered. The hypothes is under ly ing this app roach is tha t 
the wave function of a neu t ron which becomes ' en tangled ' 

Figure 3. Wave packet A is scattered by another atom in region B 
and then one of the scattered waves is scattered in region C by a 
third atom. It is assumed that a single 'extended collapse' occurs in 
region D. Then, returning back in time to point A, we can reproduce 
the motion of the wave packet and its subsequent collisions. 

in the nucleus cannot be super imposed on the incoming 
wave function of a free neu t ron . 

F o r a gas of q u a n t u m part icles it is also na tu ra l to 
assume tha t the initial wave function i A y ( r i ) gradual ly 
d isappears over a distance ~X and is converted into 
scattered waves. However , this is insufficient. A q u a n t u m 
part icle cannot become manifest s imultaneously in m a n y 
pa r t s of space under condi t ions such tha t the coherence 
between these pa r t s is destroyed completely. It is therefore 
essential to adop t as an axiom the s ta tement tha t , after a 
certain t ime interval, which is of the order of several 
scattering t imes, the wave function of a part icle can differ 
from zero only in a certain limited region of space. This 
region is identified by a letter D in Fig. 3. The effect which 
occurs can be called the wave function 'collapse' . However , 
it should be stressed tha t we are dealing mainly here no t 
with ' con t rac t ion ' of the wave function into region Z), bu t 
with ' annih i la t ion ' of the wave function outs ide a certain 
wide region D. 

In the course of the 'collapse process ' the wave function 
of a part icle is distorted and it would seem tha t it is 
dis torted very strongly: after all, it is destroyed over a large 
pa r t of space. However , the dynamic pe r tu rba t ion of the 
system can still be very small. The wave function is after all 
constructed in such a way tha t no t the function itself bu t the 
opera to r s with weight | i /f | 2 are the physical quant i t ies . 
Consequent ly , a wave function should be regarded as 
informat ion ra ther t han as a dynamic quant i ty . There 
fore, in t roduct ion into a wave function of a localisation 
form factor which is extended in space m a y no t greatly 
influence the dynamic proper t ies (for example, energy). 
However , it can very strongly affect the informat ion 
characterist ics of the wave field. 

W e shall therefore assume tha t the influence of an 
external envi ronment results in the d isappearance of 
converging waves and leads to a si tuat ion in which a 
wave packet of a test part icle cont rac ts sooner or later 
in a certain region D in Fig. 3. W e can n o w use the inverse 
t rans format ion in t ime to re turn to the initial region A . 
Since we are left with jus t the scattered waves, it follows 
tha t in region C of the preceding collision the wave function 
is a l ready compressed into a packet of size of the order of A 
and this packet can be traced as it moves from point C to B 
and from poin t i? to A. It follows from the E i n s t e i n -
P o d o l s k y - R o s e n p a r a d o x [1] tha t a similar collapse occurs 
also in the wave functions of the a t o m s on which the 
scattering takes place. W e can say tha t any extended 
collapse in future is equivalent to the fact tha t at present 
the evolut ion of the wave function \jjj{rx) can be regarded as 
the result of free mo t ion of the packet a long rectilinear 
segments with r a n d o m collisions in regions 5 , C, etc. A 
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q u a n t u m part icle no t only reveals features of classical 
behaviour , bu t its behaviour is r a n d o m in each scattering 
event. 

A statistical descript ion of such q u a n t u m objects can be 
provided in a na tu ra l manne r by in t roducing the density 
mat r ix for an ensemble of identical systems, i.e. initially for 
similarly behaving a toms . The d iagonal t e rms of the single-
part icle density matr ix , i.e. ^ - ( r ^ l 2 , then p lay the role of 
the dis t r ibut ion function and the ' e rasure ' of the off-
d iagonal t e rms cor responds to the process of format ion 
of a packet . In this app roach all the a t o m s behave in the 
same way and any ' i n s t an taneous ' wave function \j/(r9 t) of 
m a n y a toms can be regarded as a r a n d o m set of wave 
packe ts whose probabi l is t ic characterist ics are described by 
the kinetic equat ion for the dis t r ibut ion function and by an 
addi t iona l equat ion for the shape and dimensions of the 
wave packets . 

W e can therefore d r aw the conclusion tha t even a weak 
effect of an irreversible envi ronment can greatly alter the 
wave function of a system of q u a n t u m particles. Ins tead of 
a complex coherent state with evolut ion reversible in t ime, 
we have a set of single-particle wave packets with r a n d o m 
irreversible evolut ion. The irreversibility appears over t ime 
intervals longer t han the mean collision t ime and the actual 
difference between the wave functions of closed and open 
systems can have a much m o r e complex s p a c e - t i m e 
s tructure. 

This quest ion can be unde r s tood better by re turn ing to 
Fig. 2, bu t for the case of a gas of q u a n t u m particles. As in 
the classical case, the encounter between a pure state and an 
irreversible external envi ronment creates an irreversibility 
front which collapses at the velocity of sound. A reversible 
pu re state organised in a complex m a n n e r exists ahead of 
this irreversibility front. Behind the front a set of r a n d o m 
single-particle wave packets is formed. Such a state can 
na tura l ly be called mixed, because the behaviour of each of 
the packe ts is r a n d o m and it obeys probabi l is t ic laws. It is 
na tu r a l to assume tha t the width of the irreversibility front 
is characterist ically of the order of the mean free p a t h A, 
a l though in general the s i tuat ion m a y be somewhat complex 
because m o r e distant in tera tomic q u a n t u m correla t ions 
m a y be destroyed ahead of the irreversibility front. The 
localisation (collapse) of the wave function of any a tom 
cor responds to a 'measurement ' of its coord ina te and, 
therefore, the wave function of a gas of the remain ing 
a t o m s can react ins tantaneous ly to such a measurement by 
annihi l ia t ion of some of its componen t s . 

W e can thus see tha t the wave functions of closed and 
open systems are different. The wave function of an open 
system behaves as a set of a large number of wave packets . 
Such a set of packe ts cannot be regarded as a pu re state of 
the general type. Therefore, in the case of a q u a n t u m system 
(in contras t to a classical system), we are fully justified in 
speaking of an ins tan taneous t empera tu re : the wave 
function of a system in the rmal equil ibium is k n o w n to 
differ strongly from any pu re state. At any m o m e n t this 
function can be regarded as a set of wave packets with 
Maxwel l ian dis t r ibut ion of the m o m e n t a . 

It is not possible to identify the exact m o m e n t of 
collapse of the scattered waves. We, therefore, m a y assume 
tha t the collapse represents a process extended in t ime 
wi thout fixed in termedia te states. This app roach differs 
from the usua l q u a n t u m mechanics formulated solely for 
reversible systems. 

4. Schrodinger's cat paradox 

A n example of a characterist ic q u a n t u m irreversibility is 
Schrodinger ' s famous though t experiment [2]. It is k n o w n 
as the 'Schrodinger ' s cat p a r a d o x ' . It is assumed in this 
p a r a d o x tha t a Geiger counter , recording a part icles 
crossing it and or iginat ing from decay of radioact ive 
nuclei, is b r o u g h t into contact with a device which is used 
to b reak an ampou le conta in ing po tass ium cyanide when a 
part icle is recorded. This device and a live cat are placed 
under a glass dome . Accord ing to s t andard q u a n t u m 
mechanics , we can image a superposi t ion of two states of 
the counter in which the flight of an a part icle is recorded 
or unrecorded . However , this results in a superposi t ion of a 
live cat with a dead one. 

It is unde r s tood tha t wi thout an a part icle n o b o d y could 
th ink up such a s t rong superposi t ion. The crux of the 
mat te r is in a micropart ic le , which by definition should be 
described by q u a n t u m mechanics . This part icle interacts 
with a m o r e complex system, which is a Geiger counter , and 
via this counter with an amp o u l e and then finally with a cat. 
A na tu ra l app roach to the descript ion of the whole process 
is to extend the system from the a part icle to the counter , 
etc. This involves a g radua l increase in the number of the 
dynamic variables and widens the Hi lber t ian space where 
the wave function is defined. It seems tha t at each step one 
should use the Schrodinger equat ion . The result is the 
possibili ty of an absurd superposi t ion of two irreversible 
processes. 

It is clear tha t the main conclusion from this discussion 
is tha t the reversible Schrodinger equat ion is unsui tab le for 
the description of irreversible processes (it should be noted , 
however , tha t this is no t generally accepted). W e have seen 
above tha t a very weak interact ion with an irreversible 
external envi ronment greatly influences the irreversible 
evolut ion of a complex q u a n t u m system. Therefore, the 
descript ion of such a system differs from a simple 
appl icat ion of the Schrodinger equat ion . 

In the case under discussion the Schrodinger equat ion 
describes a decay of a nucleus and a spherically symmetr ic 
wave function of an escaping a part icle. If the radioact ive 
nucleus is in air, the Schrodinger equat ion for the extended 
system describes the scattering of gas a toms by the a 
part icle and possible ionisat ion of these a toms . However , 
reversible evolut ion of this system lasts only for a t ime of 
the order of the free flight t ime of the gas a toms . This is 
followed by the collapse of the wave packets of the gas 
a toms , accompanied by the collapse of the wave function of 
the a part icle: from spherically symmetric , this wave 
function is converted into a freely travell ing localised 
packet accompanied by a wake of scattered and ionised 
a toms . This evidently irreversible process can be regarded as 
a t rans i t ion of a system from one Hi lber t ian space to 
another , accompanied by complete d i sappearance of the 
initial spherically symmetr ic wave function. If vacuum 
separates the radioact ive nucleus from the Geiger coun
ter, then the collapse process occurs in the counter itself. It 
is this process tha t finally results in the unavo idab le sad fate 
of the cat. 

It t hus follows tha t there can be no superposi t ion of the 
live and dead cats in a logically justified app roach to the 
descript ion of irreversible processes: a process can follow 
only one of several possible irreversible scenarios. One must 
no t apply literally the reversible form of the Schrodinger 
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equat ion and one should in t roduce the collapse of wave 
functions into the scenario of their evolut ion. 

5. Conclusions 
The irreversibility of the processes tha t occur in physical 
systems, which m a y be classical or q u a n t u m , is cont inuing 
to be the subject of discussion and var ious po in ts of view 
are being pu t forward even now. The quest ion of 
irreversibility at the interface between classical and 
q u a n t u m systems is par t icular ly topical , especially when 
measurements of q u a n t u m systems are considered. There is 
no generally accepted theory of q u a n t u m measurements 
and the main difficulty encountered in developing it is the 
theory of irreversible p h e n o m e n a . 

A low-density gas at a modera te ly low t empera tu re is a 
convenient object for discussing the irreversibility p rob lems . 
The irreversibility of a classical gas has been considered 
from m a n y poin ts of view, beginning from the ou t s t and ing 
work of Bol tzmann . The irreversibility in a q u a n t u m gas 
has been also the subject of fairly p ro found theoret ical 
analyses. The need to consider the irreversibility at the 
microscopic level, i.e. in q u a n t u m processes, has been 
stressed repeatedly by Prigogine and his colleagues 
[ 3 - 5 ] . They have d rawn special a t tent ion to the fact 
tha t the classical limit of a low-density gas cor responds 
to classical chaos with diverging pa th s in the phase space 
wi thout integrals of mot ion . Therefore, Pr igogine and his 
colleagues have tried to develop such a ma themat ica l 
app roach for the descript ion of this s i tuat ion which would 
lead automat ica l ly to the collapse of wave functions. 

The p rob lem of irreversibility at the level of a clear 
descript ion by means of t hough t exper iments is discussed 
above. The stress is on a logical way of developing the 
relevant considerat ions . These considera t ions unavo idab ly 
lead to the conclusion tha t the origin of irreversibility lies 
outs ide a system of m a n y a t o m s under discussion. It is 
shown tha t a low-density gas is a very effective amplifier of 
external noise. In a gas of classical part icles such 'chaos 
amplif icat ion ' appears because of instabili ty of the pa th s of 
the a toms . In the q u a n t u m case the influence of the external 
envi ronment in the form of a 'collapse seed' in the future 
leads to decay of the wave function into a set of wave 
packe ts resembling 'ex tended ' classical part icles. The inter
action of such packe ts with one ano ther appears as a 
r a n d o m process of pair collisions, which can be described 
by the kinetic equat ion for the single-particle dis t r ibut ion 
function. It is to be hoped tha t a m o r e r igorous q u a n t u m 
theory of irreversible processes will be developed. 
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