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ABSTRACT 

Examples are shown when the number of different kinds of particles in a 
system is not necessarily the number of particle degrees of freedom in ther-
modynamical sense, and In the same time the observed dynamics of the evolu
tion of the system does not indicate a definite number of degrees of freedom. 
The possibility for introducing dynamically redundant particles is discussed. 

АННОТАЦИЯ 

Обсуждаются примеры, когда число разных типов частиц в материи не обяза
тельно соответствует числу степения свободы в термодинамическом смысле, и в 
то же время, наблюдаемая динамика эволюции системы не определяет однозначно 
число степеней свободы. Рассматривается возможность введения частиц, избыточ
ных с динамической точки зрения. 

KIVONAT 

Példákat mutatunk, mikor az anyagban található részecskefajták száma nem 
szükségképpen egyezik a termodinamikai értelemben vett részecske szabadsági 
fokok számával, és ugyanakkor a rendszer fejlődésének dinamikája sem jelzi 
egyértelműen e szabadsági fokok számát. Megvizsgáljuk dinámikailag redundáns 
részecskék bevezetésének lehetőségét. 



1. INTRODUCTION 

Continuum mechanics (or, rather specially, hydrodynamics) is very useful 
for describing various physical situations when the number of the manifested 
ma.-roscopic degrees of freedom is limited. As extreme examples, one can men
tion the treatment of supernova detonations [1], the evolution of the Universe 
[2], [3], and exparsion of excited nuclei [4]. The main advantage of the hyd-
rodynanical description is its simplicity; the whole complexity of the matter 
is condensed into several data as the velocity field, energy density, pressure 
and such. It is rather surprising that such a simplified n.odel can work under 
so various circumstances; in fact, Table 1 of Ref.[5]is an excellent display 
of the increasing degree of simplifications leading to hydrodynamics. Never
theless, this approach is generally quite satisfactory. However, it cannot 
work alone, some relations are needed even among the fundamental guantitites. 
When the time evolution of the system is not extremely fast, such relations 
are yielded by equilibrium or near equilibrium thermodynamics. The usual way 
is to assign the independent degrees of freedom of a simple system as some 
particle number densities п., one thermal quantity (the entropy density s or 

i 
temperature T), and the velocity fJpM u , and to express a proper thermody
namic potential by means of them. t the other hydrodynamic quantities can 
be expressed by these variables [6j. jf course, some hypotheses, as e.g. the 
local equilibrium, have to be used, because the continuum is generally inhomo-
geneous; it is not a priori obvious, which are the cases wher the homogeneity 
is sufficient enough, but this problem will not be discussed in this paper. 

Now, let us assume that the hydrodynamics and the thermodynamics can be 
applied in their usual forms on the system. Then the question is, which is 
the actual specific description fit the actual physical system. Since the 
values of the independent thermodynamic parameters fix the actual state, while 
the form of the actual thermodynamic p-->*;ential fixes the thermodynamic behav
iour of the system [7], and the velocity field describes the motion of the 
matter, it seems that the main problem is the determination of the functional 
form of the potential, which needs the knowledge of the interactions between 
the particles of the matter. 

Nevertheless, there are cases when the interactions are quite well known, 
but the thermodynamic predictions seem to be incorrect or unclear. One can 
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mention at least three such cases: the "entropy excess" in heavy ion colli
sions [8], the absence of í peak in energetic heavy ion collisions [9], and 
the tendency for monopolé dominance in the Universe [10]. In all these cases 
the approximations for the interactions seem to be quite decent, but there 
are doubts (in the second case some evidences) that the determination of the 
actual number of freedom needs some careful analysis. 

One may believe that the number of particle degrees of freedom can be 
directly determined, because the different particles can easily and clearly 
be distinguished. Nevertheless, the situation is not so simple., as we shall 
see. Now, let' us postpone for a moment the details, which are the characteris
tics of the independent particle components, and consider some possible cases. 

Obviously, if one miscalculates the number of independent particle degrees, 
and chooses a too low number, then the full richness of the system cannot be 
described. Moreover, any quantitative prediction connected with equipartition 
will be necessarily wrong. (See e.g. the discussion in Sect. 2 of Ref. 11 
about the specific entropy of a nucleon-deuteron mixture.) Maybe it is more 
surprising, but serious errors can be caused also by the overestimation of 
the number of particle degrees. By introducing а Д component in a hot nuclear 
matter (which is, in fact, there from particle physicists' viewpoint), assum
ing that the particle gas is dilute (which is true), calculating the hadro-
chemical reactions in near-equilibrium formulation, and supposing thermal 
equilibrium (some reactions are rapid compared to the expansion), a very 
expresses peak of the & resonances is predicted in the detected IT spectrum, 
surviving any reasonable correction, while the measured n spectrum is quite 
thermal. The explanation is that the u "particles" do not exist as asymptotic 
states, so their masses are undefined; in fact the л momentum distribution is 
governed by the p and * distributions. Introducing only two particle degrees, 
the predicted ir spectrum is far better [9]. 

Another interesting system is a hot nucleon-deuteron mixture. Since the 
equilibrium d/p ratio is expected to decrease with temperature, in spite of 
the great size of the deuteron at double normal nuclear density and several 
dozen MeV temperature such a mixture is actually dilute in the sense that 
n V + n.Vj << 1 (where V is some characteristic volume parameter). According 
to this philosophy, the mixture was treated as a two component Boltzmann gas 
in chemical equilibrium [8] resulting a predicted deuteron number quite high 
compared to the experimental results. The calculations which explicitely 
incorporate the deuteron volume сгл reproduce the measured d/p ratio [12], 
[13], [14], so one may interpret the facts in such a way that the thermody
namic potential had to be corrected. On the other hand, the mixture is actual
ly dilute, so the interactions neglected in the Boltzmann approximation are 
not too etrong. So the picture is awkward, being the average interparticlo 
distance and the deuteron size comparable, when the primary existence of deu
te r on s is not obvious. 

There is an extreme situation when it is not clear if the number of par
ticle degrees is о or 1. In usual GUT cosmologies the early stages of the evo-
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iution of the Universe are charge-symmetric. There is a phase transition dur
ing this charge-symmetric evolution, producing the magnetic monopoles of the 
theory [15], [16]. Before the phase transition thermal equilibrium is general
ly assumed [15], so there the fluid is of zero component, having only one in
dependent thermodynamic variable, s. The monopoles are heavy objects, and 
their annihilation is not efficient below n/s - 10 . Present cosmological 

—72 observations impose an upper limit cca. 10 for n /s. 
Now, if one does not introduce the monopoles as independent particle 

degree of freedom, the initial n/s ratio can be calculated by counting mm 
—M/T pairs in a thermal bath, it contains a Boltzmannian suppression e where 

И is the monopolé mass, and can easily be as low as lO [17], [18]. On the 
qther hand, introducing an independent particle degree of freedom for them, 
and calculating the creation rate in decent quantum field approximations, the 
result is nm/s - 10~ 8 [15], which is reduced to 10~ 1 0 by annihilation [19], 
in complete disagreement with the observations. Sophistical processes can be 
manufactured to reduce this number after the phase transition [16], [20], 
[21], [22], but there are serious problems, and the situation is definitely 
not happy. 

These three examples show that there are cases when it is not clear which 
are the relevant particle degrees of freedom. Of course, from a higher view
point this is a technical problem, redundant particle degrees of freedom may 
be used, with a correct equation of state. (As a trivial example, one may dis
tinguish "red" and "blue" protons, with properly chosen multiplying factors 
in the Fermi distributions.) Nevertheless, for practical use such a viewpoint 
is not constructive, e.g. in a dilute mixture, where the the reactions are 
fast enough, one is tempted to start with a Boltzmann approximation, and 
then, as we have seen, the predictions may depend on the chosen number of par
ticle degrees of freedom. 

Since the existence of the problem has been demonstrated, in this paper 
we investigate which are the ways to introduce redundant particle degrees of 
freedom without influencing the dynamical predictions of a model. 

2. THE SELECTION OF THE THERMODYNAMIC PARAMETERS 

Obviously, the selection of the proper set of thermodynamic variables is 
the task of thermodynamics. Nevertheless, usually the necessary thermodynamic 
parameters are well known from other sources [23-27] (as e.g. mechanics). 
Since in the present case this way obviously cannot be followed, let us reca
pitulate the constraints of the thermodynamical formalism on the parameter set. 

The real systems are, of course, of infinite degrees of freedom. In order 
to get a practical description, the real system must be substituted by an 
approximate one, possessing only finite number of characteristic macroscopic 
data. Following Landsberg [281, this set can be selected in four steps. 
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First, generally there is some set of macroscopic variables, supported 
by common sense, for an actual physical system in a given group of equilibrium 
states. Second, using these variables one must determine the domain of permis- ° 
sible changes. Third, at least in principle, one has to manufacture copies of 
the original system in the sense that all the above selected variables have 
the same values. Then, If an observer can see macroscopic differences between 
any pairs of copies by means of any possible measurement, then the set is not 
complete; the procedure has to be repeated with further variables represent
ing the observed difference. If the system can indeed be approximated by fini
te number of degrees of freedom, then the procedure arrives at its end in 
finite steps. Fourth, the so obtained description will depend on the defini
tion of real equilibrium states and on the permissible changes in the system. 

Now, when realizing this scheme, one has to specify the possible measure
ments. In the optimal case any equilibrium state of the evolving system can be 
sustained for investigation; then by producing arbitrary small changes in the 
parameters chosen previously, anc observing the answers of the system, the 
entropy matrix 

9"~7?Ь {2Л) 

Эр Эр 
can be measured (here s stands for the entropy density, while p denote the 
extensive densities). This matrix has to be positive definite; if it is semi-
definite, we have superfluous parameters. On the other hand, by measuring the 
changes of intensives У. as answers for the prepared changes of the extensives 
X one can check the validity of the Gibbs-Duhem relation 

I XrdY„ - 0 (2.2) 
г Г 

This relation is a consequence of the homogeneous linearity of the energy as 
a function of the extensives; if the right hand side is found to be empirical
ly nonzero, then the set of variables is not complete. Therefore one can de
termine the sufficient and necessary set by combining these two kinds of 
measurements. 

Nevertheless, there are systems for which the observer is not in the po
sition to sustain the equilibrium states of the evolution. In heavy ion colli-

-22 
eions the evolution of the system happens on a time scale 10 s, so only the 
initial and final states can be compared. Similarly, in cosmology we cannot 
go back to the past to perform observations. Then it is not possible to induce 
small arbitrary changes of the parameters in the intermediate steps of evolu
tion. The system will follow its own dynamic laws, the energy» momentum and 
particle balance equations completely determine the development of consecutive 
states. Even then, it is possible that the dynamical quantities of the system, 
such as e.g. its energy-momentum tensor, may be measurable (or deductable from 
the final detected state), since they are not derivatives but state functions. 
Nevertheless, then the total entropy matrix obviously cannot be measured. 
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In such cases, following Landsberg's prescriptions as closely as still 
possible, one has to regard two copies identical if their evolutions go 
through the same dynamical data, and they produce the same detected final 
states. This is just the way conform to the methods of heavy ion physics and 
cosmology. Then all the parameters unnecessary to reproduce the measurable 
data, become redundant in the description. Of course, these superfluous para
meters might or might not be necessary as thermodynamic parameters to de
scribe the behaviour of the system if one were able to prepare arbitrary in
termediate stages of the evolution. However, if this cannot be done for a 
specific system, one has to be contented with the above mentioned definition 
of nonredundant degrees of freedom. 

3- THE EQUATIONS 
As a consequence of the Einstein equations of General Relativity [29] 

ik the energy-momentum thensor T of the matter fulfils conservation laws: 

T 1* = О (3.1) 
i r 

ik i 
T can be decomposed with respect to any timelike unit vector field u as 

» l k = pu1«* + q 1»" + U Aq k + p i k 

i ik 
q iu 1 = p1 u k = о 

(3.2) 

For an observer of velocity u p is an energy density, q is a (heat) energy 
ik 

flux and p is a stress tensor [6]. If the matter possesses a unique macro
scopic velocity field, which is assumed in hydrodynamics, then it is to be 
used for u , and, for perfect fluids, one gets [6] 

Ч
А - 0 

(3.3) 
p " = p(g i k

 + uV) 
where p is the pressure. Heat or momentum transfer processes lead to extra 

ik terms in T , here such irreversibilities are ignored, which is a merely 
technical simplification. 

Eq. (3.1) can be decomposed too as 

(p+piu1 ,u r + p,_(g i r + u1!!1) » о 
(3.4) 

P, ru r + (P+P)ur
;r - 0 

The first group fully determines the time evolution of u , so the second is 
not an equation of motion. In fact, it is the differential version of the 
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First Law of Thermodynamics [30], governing the evolution of the thermal 
variable [29], [31], [32], [33]. 

Now, if the independent variables are n. and ч, then p is the proper 
i 

potential density, there are evolution equations for u and s, but the con
servation laws (3.1) do not give anything for п.. The system of evolution 
equations has to be completed by evolution equations for n. of form 

< n A u r ) f r « * A (3.5> 

The 4>r»s are the source terms, but these source terms are not determined by 
the energy and momentum conservation [6], [11], [29], [31], [32], [33]; (as 
we shall see, the Second Law yield? an unequality for them); they are to be 
calculated according to the informations about individual particle reactions 
(cf. e.g. Ref. 34). There is no entropy production from the sour ел terms if 
they vanish, or if the reactions occur in complete chemical equilibrium [11], 
[30]. 

Using n. and s, a combination of eqs. (3.4) and (3.5) yields 

p s(s, ru r + s u r
; r ) = - b A * A + (P ss + I P A n A - p- p ) u r

; r (3.6) 

where the subscripts of p denote derivation. The left hand side has to be po
sitive semidefinite for normal systems of positive temperature [35], and in 
near equilibrium approximation Ф., p and p are independent of u r . . so 

[P A* A i ° (3.7) 
A 

+ b 8 p s + i nA pA - p 

Let us assume that the particular system under investigation can be 
described by hydrodynamics and near equilibrium thermodynamics. Then the 
necessary hypotheses specifying the system and leading to definite predictions 
are as follow: 

1) An assumption for the number of independent particle degrees of 
freedom; 

2) An expression for the energy density p as a function of the entropy 
density and the densities of the chosen (true or quasi) particles, 
according to the possible informations about the interactions. 

3) Some expressions for the source terms of the chosen particles, based 
again on the informations about the particle interactions; these 
expressions have to be compatible with the unequality (3.7). 

4) If there are momentum and heat transfer processes, expressions for 
viscosity and heat conduction coefficients, satisfying positivlty 
conditions coming from the Second Law [6], [31]. 
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The formalism used up to now Is the energy convention; the entropy is an 

extensive parameter, and the energy is a potential. If useful, these two roles 

can be reversed, arriving to the entropy convention. Consider p as the thermal 

variable and s=s(p,n,) as a potential. Then a combination of eqs. (3.4-5) 

leads to the entropy production 

s. ru
r + s u r

; r = s A+ A + (s-spP - s p P - A S A n A ) u
r

; r (3.8) 

whence 

V A £ ° 
(3.9) 

p - -P + J-(e - £n As A) 
P * 

Of course, the function s(p,n.) is not in as direct connection with the 

particle interactions as the inverse function p(s,nA). Nevertheless, they can 

be calculated from each other. 

From hence we introduce a convenient shorthand notation 

á = a, ru
r (3.10) 

which is, in fact, the change rate of a scalar along a world line. 

4. THE INTRODUCTION OF REDUNDANT COMPONENTS 

Let us first recapitulate the steps of a hydrodynam•с description. Consi
der a physical system, for which there exist some arguments that it can be 
decently described by (for simplicity's sake) a perfect fluid. Then 

T i k = p u ^ + p(g i k + u V 5 ) (4.1) 

Since the components of the energy-momentum tensor can be directly measured, 
the energy density p, the pressure p and the velocity u possess direct phys
ical meaning and their values are uniquely fixed. Hence one gets the equations 
of motion for u (the first of eq. (4.4), not repeated here), and an evolu
tion equation for the energy density p regarded here as the thermal variable: 

p + (p+p)u r
> r « 0 (4.2) 

No*./, assume (from some informations) that N particle degrees are necessary 
for a satisfactory description. Then there exists an ertropy density function s 

e - eip*nA) ( 4 # 3 ) 

A - 1,...,N 
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Nevertheless, fron our viewpoint, these particles an auxiliary quantities; 
they are not necessarily identified with the observable entities of particle 
physics (in the Introduction some examples supporting this viewpoint were 
mentioned). For these particles evolution equations of form 

ЛА + пА и Г;г = * A { p ' V ( 4' 4> 

are assumed. The pressure can be expressed as 

1 N 

Р - -P + i-(s - I s Rn R) 
p К—А (4.5) 

s = I s-A 9 n A 

Then, for the entropy production, one gets 
N 

JR =A 

Thus, there exists a compatibility condition between * д(р,п в) and s(p,n^), 
according to the Second Law 

N 
I *RSR - ° ' 

R=l R R 

for any set of variables p»n_. This reflects the fact that both + д and s 
represent something about interactions of the (hypothetic) particles. 

Now, assume that the chosen model has given a satisfactory description 
of the physical situation, but, from some reason, one wants to introduce one 
more component, which is a combination of the original ones 

n e « ф(р,пд) (4.8) 

When can it be done and how? 
One has to go back before eq. (4.3). Introduce first the extra particlt 

density in the original formalism in such a way that there nothing depend on 
n . Then assume that there exists another entropy density r for the system 
explicitely depending on п., which leads to th« same observable behaviour of 
the system. That is, p, p and u remains the same, and the first N particle 
components are the same by construction. Then 

r • r(p,nA,ne) ; p - p ; й д - п д ; n 0 - <p 
(4.3') 

А ш 1,...,П 
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ПА + nA U ;r • * A ( P » W * *1»>*A) 

(4.4') 
' , + п е и Г , г - *e " * + "«'»г 

1 N 

p . -p + — ( r - I r ^ n R - r en e) , p ж p .<4.5») 
Г- R*l 
P 

+ Г Ц Г ' Г * R»i* R r* + * в" в * 
(4.6») 

Now, it is necessary to formally introduce a new function of the old variables 

г(р,пд,<р) - r(p,r»A,ne) (4.9) 

Then the invariance of the pressure yields an equation between s and r: 
N N 

V r " V + „ « ^ V R " *H)B»} " (ÍP ' V" } ( 8 " RII*^" 0 

(4.10) 

The entropy production equation can be rewritten as 
N N N 

r p * + nJi'«*» + r u ir и &*{** ' V"^ + W + h9** + *u ;r} i ° 
(4.11) 

Substituting b and A. from the evolution equations (4.2) and (4.4), and sepa
rating the terms with and without u r , one gets an equation 

N . r N -i. 
(P+P)rp + J r Rn R - f - |(p+p)<pp + I V R " T < P { 4* 1 2 ) 

and an unequality 

J^V« + ' Ф [ ( Р + Р , < Р Р +

 К ж 1

п ^ к - ф ] и Г ; г ^ ° ( 4 Л З ) 

But, again, the first term does not contain the velocity divergence, and the 
sign of u r is Indefinite, so the unequality can hold only if 

N 
(р+р)ф„ + l п_ф в - ф - 0 (4.14) 

p R-l K R 
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N 
R=l R R 

Finally, I|I in the second of eqs. (4.4') should depend only on the thermodyna-
mical variables, but not o n / , . Substituting the dot derivatives from the 
evolution equations, this condition leads again to eq. (4.14), and there re
mains 

N 
• A = I *R<PR (4.16) 

e R=l R K 

Now, there are three equations to be solved, namely eqs. (4.10), (4.12) and 
(4.14), together with a constraint of unequality form, i.e. eq. (4.15). The 
solution of the equations has the form 

r = sw(nA/s,<p/s) 

Ф = sx(nA/s) 
(4.17) 

Substituting this into eq. (3.15), the unequality gets the form 

N r- N ,-r 

jJ/R^R + S * R w y + WR - T | 1

( w T n T ) s R s f i ° 

x A = ^ Í4.18) 

y = <£ * s 

We will not discuss this unequality here; it can trivially hold if all the 

old components are conserved, otherwise it is a constraint for the functions 

x(x.) and w(x.,y), whose form explicitely depends on the forms of the source 

terms, not specified here. 

Observe that we have not required that the value of the new entropy, or 

that of the entropy production, be equal with the old one. If the entropy 

could be directly measured, it should be required too, leading to 

W^Wy"0 ( 4 Л 9 ) 

Since w must not vanish (otherwise it has been even the formal introduction У of the new component unsucceeefull), this means that the new component should 
be conserved, which is a very special case. Nevertheless, s is not directly 
observable, unless the system has a statistical description, when, of course, 
the number of independent components is well defined, and the whole problem 
investigated here is nonexistent. Furthermore, there are familiar situations 
when s is not fully defined, e.g. Callen's postulate system leaves a freedom 
in it [35] 
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N 
s' = s + s Q + cxp + I c Rn R (4.20) 

Then, summarizing the results of this Section: for a perfect fluid sys
tem well described by means of N particle components, a new and redundant 
particle component can be introduced without influencing the observables if 
the density of the extra component n is chosen as 

n e = Ф (4.21) 

with a new entropy r=r. The functions Q> and r are given by eq. (4.17), and r 
has to satisfy the constraint (4.18) too. Since the new particles are redun
dant, this component is not necessary, its use is quite optional. On the 
other hand, if the density of the new component differs from the choice in 
eq. (4.21), then the two model systems possessing N and N+l components, res
pectively, do dynamically differ, their predictions cannot be identical, and 
then the selection of the proper model has to carefully be done by physical 
arguments. 

Now we are going to demonstrate the consequences of this general abstract 
statement on special but important cases. 

5. PERFECT FLUIDS WITH ONE CONSERVED COMPONENT 
Consider a perfect fluid with a single (independent) particle component: 

s = s(p,n) 
(5.1) 

Р - -P + J- (8 - ПВ П) 
p 

Now, in physical systems, if there is only one particle component, that is 
generally conserved, because there are no possibilities for chemical reactions 
(an exception is Dirac's steady-state cosmology with continuous creation, cf. 
Ref. 36; this case is not discussed here). Then 

A + nu* - 0 —> * - 0 <• (5.2) 
/Г 

Then the unequality (4.18) automatically holds. For nfi and r one obtains 

n e - s(p,n)x(n/s) 
(5.3) 

r - s(p,n)w(n/e,x) 

The functions x and w are now completely arbitrary, but this does not mean 
too much. Namely, because of t|>*0, both s and n are conserved densities, so 
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n/s is conserved along world lines, thus n e/s and r/s are constant along 
world lines too, independently of the functional forms chosen in eq. (5.3). 
Nevertheless, the introduction of the new component is not fully trivial pro
cess; the ratios n/s and r/s can differ between different world lines. 

Now, consider a two component system manufactured in this way from a one 
component one. Perhaps the most characteristic feature is that the ratio of 
the two particle number densities is constant along world lines if the evolu
tion is adit, tic (which is automatically true now, being the momentum and 
heat transfer processes ignored). In fact, a combination of eqs. (5.3) yields 

n e r 

where r is the actual entropy and n is the conserved density. If this func
tional dependence holds, one component can explicitely be eliminated. 

Now, eq. (5.4) holds for the double Boltzmannian model of the nucleon-
-deuteron mixture [8]; the d/p ratio is conserved during adiabatic expansion. 
In more general models eq. (5.4) does not hold (for an explicite example see 
Ref. 13). This is not obvious, since one can be sure that after all a nucleon-
-deuteron mixture consists of nucleons only, in principle it could be descri
bed only by means of nucleons, and it is usual to use a chemical equilibrium 
condition 

"d - 2"n ( 5' 5 ) 

so there are only two independent thermodynamical parameters anyway. Let us 
briefly discuss this question. 

Consider a two component system, and use the intensives T, u. and u 2 

as independent parameters; then p is the proper potential, and 

s - P T 

n x - pĵ  (5.6) 
n 2 = p 2 

Assume that n.+2n2 is conserved, and that there is a chemical equilibrium 
between the components, then the condition for it is 

v2 - 2v1 (5.7) 

Now, obviously, both n 2/n. and (п1+2п,)/в depend on two variables, T and pj, 
so there is no reason to expect chat there be a functional dependence between 
these quantities. We emphasize that our purpose is not the discussion of the 
possible number of elementary particles; we required that the forms of the 
thermodynamic and hydrodynamic equations be the same for two components and 
for one. For example, we required that the source term of the redundant com-
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ponent(eq. (4.4')) depend only on p and n,, which is not necese rlly true 
if the extra component is some two-particle correlation. 

So, eq. (5.4) is not a consequence of the chemical equilibrium. Rather, 
it directly follows from the Boltzmannian hypothesis; then the mass parameter 
is simply a multiplying factor in the thermodynamic quantities, and there is 
a factorization in T and y/T dependences (there is only one v in equilibrium). 
Now, then both nj/n^ and (n.+n-J/s can depend only on y/T, so they are func
tionally dependent, and the deuteron degree of freedom is redundant. Eq. (5.4) 
cannot hold if the deuteron component has a characteristic dimensional para
meter of its own (e.g. a volume V, cf. Refs. 12-14). Namely then it is expec
ted to occur in the specific entropy. Being the specific entropy dimensionless, 
one expects a formula of type 

2 = o(c,nV) 

n • nj + 2n 2 (5.8) 
с = n,/n 

from dimensional reasons. As a direct consequence, then a suppression may 
appear for the deuterons, [12], [13], [14], and the ratio f^/n. is not con
served in adiabatic processes. 

In this context the measurements for the final d/p ratio in heavy ion 
collisions may be regarded as measurements for the number of the independent 
particle degrees of freedom in dynamic sense. The model, in which the deute
ron degree is redundant [8] predicted a d/p ratio, which is incompatible with 
experimental results (cf. e.g. Ref. 37). Thus one can conclude that the deu
teron degree is not redundant,.the number of components is 2. 

Mutatis mutandis, some of the results of this section can be applied 
to a nucleon-delta-pion mixture too, although there one should start from a 
two component fluid, one component is conserved, one is not. In Ref. 9 it was 
shown that an explicite incorporation of A particles with their own charac
teristic mass leads to predictions incompatible with observations; if one 
wants to use u's during the calculation, he has to do it with an effective 
mass equals to the center of mass energy of the colliding p,it pair. Such а Д 
component is redundant, so the observations yield the information that in 
this mixture the number of independent thermodynamic particle degrees of 
freedom is 2. 

6. PERFECT FLUIDS WITHOUT PARTICLE COMPONENT 
There exists very special systems in which there is one single indepen

dent extensive density, the energy density p. For brevity's sake, such sys
tems will be referred here as blackbody radiation, although the form of their 

3/4 equation of state is not necessarily s - p . Such systems are generally 
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some equilibrium charge-symmetric mixtures of particles; there are (or parti
ally, were) two important situations when they play some role. The first is 
multiparticle production in particle-particle collisions at high energies. 
Although then the initial situation is not charge-symmetric, if sufficient 
number of pairs is produced, they dominate the incoming two particles. Such 
systems are more or less described by Walecka's mean field theory [38], yield
ing the equation of state in the limiting case p=0 for nucleon-antinucleon 
pairs. The other important scenario is the very early Universe. There are GUT 
cosmologies in which the antiparticles are continuously vanishing by some 
CP-violating interactions [39]. Then the very early stages were charge-sym
metric. In fact, it is generally assumed that before the phase transition giv
ing expectation values to some Higgs bosons the matte.* of the Universe was 
similar to a blackbody radiation [15], and for some time it remained similar 
even after the phase transition except for the monopoles produced in the tran
sition. In fact, the monopolé distribution is charge-symmetric too, but it is 
generally accepted that the density of the mm pairs is not the equilibrium 
value (they have been produced in unequilibrium processes), so they should be 
introduced as an independent component. 

Since even in equilibrium one may need the number of one kind of partic
les, e.g. to calculate me;l free paths [15], [19], let us apply our formalism 
to this case. 

Now the results are almost trivial. There is no particle density variable 
on the right hand sides of eqs. (4.17), so x is to be taken at 0 argument, so 
it is a constant dimensionless number: 

n e = C s . (6.1) 
n e r = sw(—) = sw(C) s 

Since w is dimensionless, w(C) is an other dimensionless number. But then 
both n /s and n /r are constant numbers. 

This result reflects some physical facts. Consider light particles (whose 
mas<- is small compared to the temperature). Then, according to the equipar
tition of the energy in an equilibrium system, for them 

i - h ( 6 - 2 > 
(there is a factor of order of 1, depending on Bose or Ff.rmi character, and 
on degeneracy factors) [15]. N is the number of different types of light 
particles, so then С - 1/N. Nevertheless, eq. (6.1) possesses this direct 
meaning only for light particles. For heavy ones equilibrium distributions 
give exponential suppression in n 

Ц . e - M / T (6.3) 
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where M is the particle mass. Such a factor cannot be incorporated into eq. 
(6.1). Thus, if one is convinced that the actual system is charge-symmetric 
in equilibrium, then he may introduce the light particles as independent deg
rees of freedom (although they are rec" mdant) , but either should not do this 
for the heavy ones, or they will be completely meaningless because their num
ber densities will be different from the physical densities. 

Now, there is no a priori reason to believe that this result has any 
connection with monopoles. If one has some particle physical arguments that 
the monopoles are important and independent components of the matter after 
the phase transition, then there the matter has one, nonredundant, particle 
degree of freedom. Nevertheless, in the usual approximation, monopoles sur
prisingly simulate redundant particles. Namely, most of the field theoretical 
prediction« agree in two points. Just after the phase transition the monopoles 
appear 

a) without exponential suppression; and 
, 3 

b) in simplest approximation n/s - l/(p* N), where p-8 and Л is a dimen-
sionless constant coefficient of the Higgs self-interaction. 

For a review see Ref. 15 (This density may later decrease by annihilation.) 
This is exactly which can be expected for a redundant particle (cf. eq. (6.1)). 
Here it is worthwile to note that there exists an approach when both n and s 
are calculated from thermodyramies; its prediction is n/s-p [40]. However, 
similarly to field theoretical estimations, energy and entropy balance of 
the monopolé creation was not investigated there, so it is quite possible 
that the result Í3 the density of some monopolé precursors only. 

Now we can gaze at the difference between the prediction of Ref. 17 and 
that of the majority of the literature from a new angle. Ref. 17 does not 
introduce explicitely the monopolé component, and, of course, obtains an expo
nential suppression. In the other approach this degree of freedom is intro
duced as an independent one, but it remains dynamically redundant (and, e.g. 
in Ref. 19, where the annihilation is calculated, it does not appear even in 
the equation of state), so from thermodynamical viewpoint it is quite possible 
that this number density is a ghost quantity. 

Therefore it is possible that there is no real contradiction between the 
different predictions. Nevertheless, if one accepts the predicted n/s ratios 
in face values, then the prediction of Ref. 17 is directly compatible with 
recent cosmologic observations [41], while the predictions giving n/s in the 
order of (more or less) 1 are not; then the present Universe would be mono-
pole-dominated. In these models generally some nonadlabatic stage is assumed 
after the nonopole creation [15], [20], [22]. Such processes are possible but 
there are no direct evidences for their role in the evolution of the Universe. 
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7. CONCLUSIONS 
In this paper we have investigated the conditions that one particle com

ponent of a perfect fluid be hydrodynamically redundant. Then in the descrip
tion of processes, when the intermediate steps of evolution cannot be susta
ined for detailed measurements (which is definitely the situation in heavy 
ion physics and cosmology), such a component may be introduced if needs be, 
or removed from among the thermodynamic parameters without altering the ther
modynamic formalism and the hydrodynamic observables. Therefore if there is 
no possibility to prepare such states of the actual system when it is in hyd-
rodynamical equilibrium, then this particle component is unnecessary, so there 
is no evidence for its existence in thermodynamic sense. (Of course, a redun
dant particle may be detected on one hand, and superfluous for the descrip
tion on the other.) We have concluded that in the Boltzmannian model of the 
nucleon-deuteron mixture the deuteron component is redundant, the dynamics of 
a closed system of such a mixture is identical with that of an appropriately 
chosen simpler system of one component. Since such a mixture can be prepared 
and investigated only in heavy ion collisions, when one cannot influence tho 
intermediate steps of the evolution, i.e. the system is dynamically closed 
(energy and momentum balances are valid), the measurements can indicate only 
the number of dynamically nonredundant particle degrees of freedom; in the 
Boltzmannian model it is 1, while the experimental value seems to be rather 2. 

When describing а р+тг+Л mixture at double nuclear density and cca. 100 
MeV temperature, a A component of fixed mass and width would not be redundant; 
on the contrary it was shown [91 that it is not to be incorporated into the 
thermodynamical formalism, so the number of the particle degrees of freedom 
of the system suggested by measurements is again 2. 

For the early Universe just after the creation of GUT magnetic monopoles 
the situation is less clear. The assumption that the number of independent 
particle components is 0 leads to monopolé densities compatible with observa
tion, but this assumption is criticised from partijle physical viewpoints. 
On the other hand, introducing explicitely the monopolé component into the 
formalism the predictions of recent calculations are the same as if this 
component were redundant. So one can conclude that the determination of the 
number of particle degrees of freedom in the very early Universe would need 
a thermodynamically more consequent and self-consi.-.Lent treatment of the mo
nopolé creation and of the evolution of the Universe. 
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