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Résumé - La transition de phase liquide-gaz dans la matiére nucléaire chaude
due aux fluctuations quantiques et statistiques est étudieé dans un modéle

microscopique de la nucléation. Ce modéle est une version hydrodynamique de la
théorie de champs moyen dépendant du temps imaginaire aux températures finies.

Abstract - The triggering of the:liguid~gas phase transition in hot nuclear
matter by quantum and statistical fluctuations is studied in a microscopic

approach to nucleation, which is a fluid-dynamical version of the imaginary
time dependent mean field theory at finite temperature.

I - INTRODUCTION

The equation of state of hot nuclear matter exhibits a typical van der Waals behavi-
our and indicates the coexistence of a liquid phase at normal nuclear matter density
and of a gas phase (at lower densities) which consists of a free gas of nucleons, .
deuterons, etc.1'3). At low temperatures, where statistical fluctuations can be dis-
carded in a classical theory, the two homogeneous phases which correspond to the Lli-
quid and gas are stable and may have different or equal energy densities. However, in
a quantum theory the state of higher energy is rendered unstable through barrier pe-
netration and a phase transition may take place. Phase transitions are also possible
via thermodynamical fluctuations. A new phase may be formed in small volumes, say,
bubble in a nuclear matter environment, which are stable if they have a certain size,
being energetically favourable in the interplay of volume and surface energies.

The role of quantum and statistical fluctuations has been first analyzed in a micro-
scopic description in the recent work of reference®) . There a relativistic model
field theory of nuclear systems (Walecka’s model 5)) has been used to study the Li-
quid vapour phase transitions applying euclidean space path integral technigues

In the present work we use a similar. dynamical treatment to study phase transitions
in a non-relativistic description of the nuclear many-body system with effective
Skyrme forces. The quantity which describes the decay of one of the metastable phases
into the stable one ("nucleation rate") has a W.K.B. like form

W= Bexp (- A) 2 [39)

where A.| is the minimized classical (euclidean) action associated with bubble or
droplet formation and B is a factor which arises from the functional integral over
the fluctuations. Equation (I) is applicable to bubble formation (or nucleation)
triggered by quantum as well as statistical fluctuations but the corresponding action
differs in the two cases. By minimizing the action one obtains an equation of motion
for the bubble or droplet radius as function of the imaginary time. This equation has
several solutions. Two of them are trivial static solutions and correspond to the
homogeneous gas and liquid phase respectively. One is static but non. trivial, repre-
senting a bubble (droplet) on the background of a constant Liquid (gas) phase and
arises due to statistical fluctuations. The action corresponding to this solution
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enters in the calculation of statistical fluctuations. Finally there exists an (ima-
ginary) time dependent solution, which describes the formation of bubbles (droplets)
through barrier penetration or quantum fluctuations.

11 - THE ACTION PRINCIPLE FOR FINITE TEMPERATURES

At finite temperatures, the euclidean action, defined as (-i) times the continuation
of the real time section to imaginary times T is given in the fluid dynamical approxi-
mation by 84

3 2

ALs]= far(Tn(¢X) - 2 Tr(ew?) - Q [5]) arv
¥z

with the boundary condition p(B/2) = p(-3/2) and the inverse temperature T of the sys-

tem. Here p is the time even part of the density matrix, the field X is agsumed+to be

Llocal in space,and the velocity field u is associated to the field X by u = %.VX.

The quantity Q in eq. (II.1) is the thermodynamic potential, a functional of p

20¢1= ELS] -/(«'»T}*(g) - S/3 (11.2)

where 1 is the chemical potential, S the entropy and E[p] the mean field energy
functional.

The variations of the action integral with respect to X and P Llead to the fluid dy-
namics equations. Since eq. (I1.1) is subject to the boundary condition p(B/2) =
=0(-3/2), the solution is not as usual an initial value problem, but rather a boundary
value problem with periodic conditions. This renders the problem quite difficult to
handle.

I11 - SIMPLIFICATION OF THE MODEL

To get a first insight into the non trivial mean-field solutions describing the nucle~-
ation process (bubble or droplet formation) we resort to several approximations which
we List as follows:

(i) ‘we assume radial symmetry (for the bubble or droplet).

(ii) the density of a bubble solution is parametrized as

$§=5 + (&-ﬁ)/{l+exp[(1--R(c))/a,]} (111.1)

gnd the density of a droplet solution is obtained by interchaning the roles of e and
L-

Here pg and 0 are the values of the densities which result from a Maxwell construc~
tion in a nuclear matter calculation. Then the coexistence of the gas and liquid
phases is characterized by densities of equal chemical potential At

o ($6) = m (SL)- (I1I.2)
The imaginary time T enters through the parameter R. The parameter a, which repre-~
sents the surface thickness of the droplet, is kept constant for a fixed temperature.
(ii1) The mean field hamiltonian is calculated_in the finite temperature Thomas Fermi
approximation with a Skyrme interaction 37.
(iv) We neglect Coulomb effects and assume symmetric nuclear matter.

The choice of parametrization (ii) corresponds to our belief that hot compressed nuc-
Lear matter may desintegrate to give rise to bubbles. at much lower than saturation
densities through statistical and quantum fluctuations. In a similar fashion we alsec
consider the possibilities that a hot nucleon gas may materjalize in small droplets.
This picture is substantiated by the equation of state of hot nuclear matter, which
exhibits a typical Van der Waals behaviour.

In heavy jon reactions the process of bubble formation is probably more relevant than
the droplet formation. Droplet formation could in principle be important during the
strong expansion phase of a high energy nuclear reaction. However, we will see below
that this occurs in our model only for densities much Lower than the usually accepted
value of the freeze - out density.

IV - THE VELOCITY FIELD AND THE MASS PARAMETERS
The velocity field U which appears in the action integral is obtained using the conti-
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nuity equation (spheriﬁat coordinates, radial symmetry) which can be integrated to

ield
’ w(r) = -+ Sd*l*’ S/s (av.n

This equation aLLOws to determine the velocity field which corresponds to a certain
density. To calculate the action integral (II.1) using the parametrization (III.1),
it is necessary to know how ¢ evolves in the imaginary time T. Since in (III.T) p
depends on T only through R(1), we vary the action A with respect to R and obtain the
following equation of mot1on for R
a3t _ %[9—‘ R®~2xR=0 (1v.2)
A R R

where o figures as mass parameter.

V ~ THE THERMODYNAMICAL POTENTIAL £

The thermodynam1cal potential correspond1ng to bubble formation is defined as

'QB[‘?} R[fl -ﬂ[fl.] w.D

Here Q[ p] is the thermodynamic potential associated with the liquid background of
eq. (I11.1). In Fig. 1, we depict ﬂé for T = 9 MeV. Since p +~ p_ as R + ~ = one ap-
proaches from the Left the potential minimum corresponding to the liquid phase, which
is substracted off in the calculation of QB. Therefore Qg vanishes for R -+ -« For -
large values of R, p > pg , and one approaches from the right the potential minimum
of the gas phase. The barrier between the two phases is due to the surface energy.
After reaching the saturation value, the volume energy of the bubble starts to domi-
nate over the surface energy, which explains the fall off of {fg after a certain cri-
tical R.

VI - QUANTUM FLUCTUATIONS

It is necessary to solve explicitly the imaginary time equation of motion for R,

eq. (IV.2) with the appropriate boundary condition. The solution of eqg. (IV.2) shows
how the radius R of the droplet or bubble behaves in the course of the imaginary time
T. Figure 2 shows the imaginary time evolutjon of a bubble radius R(T) for u=-20.5 MeV
at T = 0.5 Mev.

In Table 1 we show the initial values of R which are compatible with quantum fluctua~
tions at several values of the chemical potential p, and the resulting bubble forma-
tion probabilities at the temperatiire T = 0.5 MeV.

Ry (fm) | Rep M wquant/B
-0.5 2.1 -20.5 6 x 10-6
0 1.5 | -20.7 8.5 x 10-3

VII - STATISTICAL FLUCTUATIONS

Statistical fluctuations correspond to the non trivial static solutions of eq. (IV.2)
that is (R = 0, R = 0) and d2/dR = 0. Therefore the non trivial solution is QiR =
= Q1(Rcr) where Rer is the critical radius for which Q (R) acquires its maximum.Ffig. 3

shows the resulting critical bubble radii and nucleat1on rates at T = 9 MeV as func-
tion of the density q.
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Fig. 1 - The thermodynamical potential &, of a bubble on a Tiquid background as
function of the radius R of the bubble for the isotherm T =9 MeV and -two values
of the chemical potential (in MeV).
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Fig. 2 - Time-dependent solution to the equation of motion IV.2. The bubbie radjus

R is shown as function of the imaginary time t, corresponding ta the solution inside
the inverted thermodynamical potential for u = -20.7 MeV and T = 0.5. MeV. The
minimum of R Ties on one turning point of the potential.

Fig. 3 - The logarithms of the normalized transition probabilities Wstat per unit
time and volume for bubble formation (left scale ) due to statistical fluctuations,
at T'= 9 MeV-and shown as function of o . Right scale : Critical bubble radius Rcp:



