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The propagation of a density disturbance in nuclear fluid is considered for the case when the nuclear
equation of state is derived from a Skyrme-type effective nucleon-nucleon potential. It is shown that the
velocity-dependent terms of this potential are responsible for the possible formation of solitary waves in
nuclear matter. These solitons are rarefaction waves and not compressional as previously suggested.
Their amplitudes increase with increasing temperature, which makes them a possible mechanism for nu-

clear multifragmentation.

PACS number(s): 21.65.+ f, 25.70.—z, 25.70.Gh

The possibility of soliton formation in nuclear matter
in the course of nucleus-nucleus collisions was first stud-
ied by Fowler et al. [1] and further investigated in a
number of subsequent publications (e.g. , [2—4]). Accord-
ing to these authors, when a light nucleus with velocity
approximately equal to the speed of propagation of sound
in nuclear matter is incident on a heavy nucleus, the pro-
jectile and target fuse into a compound nucleus in which
density oscillations are set up. The propagation of these
density disturbances in the nuclear medium is described
in a fluid dynamical framework. In solving the hydro-
dynamical equations, they use an expansion of the veloci-
ty potential that plays the role of a heat function (enthal-

py) in terms of the gradients of the density p:

tt =c,p'Ipo+c2V p'Ipo+

where p'=p —
po, po is the equilibrium density, and c„cz

are parameters. Glassgold et al. [5], who are probably
the first to use this expansion in a nuclear Auid-
mechanical problem, retain only the first-order term. In
this approximation, the density disturbance propagates as
a sound wave. Fowler et al. [1] have realized that the
density oscillations in a compound nucleus formed in the
heavy-ion reaction are not expected to be of first order of
smallness. They go beyond the first-order term in the ex-
pansion of the velocity potential and take into account
the density Laplacian term, implicitly assuming that the
constant coefficient of this term is positive. They obtain a
solitary solution for the hydrodynamic equations which
describe a stable pulse of higher density that propagates
in the longitudinal direction.

In this paper, we show that the equation of state of nu-
clear matter for nucleons interacting through a Skyrme-
type effective interaction [6] leads to a negative coefficient

+ —,'t, [k 5(r,z)+5(r&z)k ]+t~k5(r&z)k

+—( 1 +P )t3p(R )6(rl2) (2)

where P is a spin-exchange operator, r&z=r, —r2,
R=(r, +r2)/2, and k=(V, —V2)/2i, while xo and t, are

parameters adjusted by studying the ground-state proper-
ties of nuclei. For equal proton and neutron densities,
and ignoring the spin- and isospin-dependent terms, the
Hartree-Fock theory with the above nucleon-nucleon po-
tential yields the following expression for the energy per
nucleon as a function of the nuclear density [8—10]:

for the Laplacian of the density which allows the forma-
tion of rarefaction rather than compressional solitary
waves. However, this conclusion must not be tied to the
Skyrme forces except that it can be used as an example
for calculating the coefficients of the expansion (1). The
negative sign is, in fact, much more general than the
Skyrme model, as can be seen from the energy density
formalism of Wilets [7]. The energy per unit volume has
a term equal to p( —yV p), which after partial integra-
tion is y ~ Vp~, where y is in general a function of p. The
quantity y has to be positive [and hence cz in (1) nega-
tive]; otherwise nuclear matter would be unstable against
rapid oscillations.

The Skyrme interaction has been intensively used in
nuclear structure calculations, especially since the work
of Vautherin and Brink [8] who showed that it is possible
in nuclear Hartree-Fock calculations to obtain the bind-
ing energies and other gross properties of nuclei to a sa-
tisfactory degree of precision with a relatively small nurn-
ber of parameters. Specifically, this potential is

V(ri, r2)=to(1+xoP )5(r,2)
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This relation can be simplified when the deviation from
the equilibrium density is not large. One may then ex-
pand E(p} around the equilibrium density po and keep
terms up to the second order to obtain

2

E(p}=E(p )+, (p —
p )'—yV'p,

2Po
(3)

where ao is the speed of sound in nuclear matter at equi-
librium density, which is defined by

mao=poB E/dpo,

c2 = ypo/m

It is important to note that the parameter y takes posi-
tive values (making c2 negative) for different choices
[8—10] of the parameters t, and t 2. For example,
y=169, 126, 210, 256, and 98 MeV fm for the SII-VI
potentials, respectively. The coefficient y is also positive
when one takes into account the possible temperature
dependence of the effective interaction as a consequence
of the decrease of Pauli blocking as temperature in-
creases. Indeed, the values of the coefficients of the
velocity-dependent terms of the Skyrme potential

t, =192.5(1+0.423T ),
t2 =148.4(1—0.010T ),

obtained by Cugnon et al. [11]from a comparison of the
Brueckner g matrix calculated at different temperatures
with the Skyrme potential, give

and y is a linear combination of coefficients of the
velocity-dependent terms of the Skyrme potential: y =31.0+23.1T2 . (10)

y =(9t, —5t2)/32 . (4)

at
+V (pv)=0,

(ii) Euler's equation of motion,

av 1+(v V)v= — Vp,at mp

(5)

(6)

where p is the pressure, v the velocity field at a point in
the Quid, and m the nucleon mass.

We restrict our consideration to the case of isentropic
Qow. In this case,

We shall now assume that nuclear rnatter can be con-
sidered as an invicid fluid and use the equation of classi-
cal hydrodynamics to describe the propagation of a dis-
turbance of its density. For an invicid fluid, in the ab-
sence of external forces, the equations of hydrodynamics
are the following: (i) the equation of continuity,

We now follow the treatment developed in [1] to obtain
a solitary wave solution for Eqs. (5) and (8) for the case of
a one-dimensional motion in the x direction. We assume
that the deviation from equilibrium density is small
enough to justify the use of perturbation theory. We ex-
pand the dimensionless density p=p/po and velocity
v =v/ao around their equilibrium values 0 and 1, resPec-
tively:

p=1+ep, +E' p2, V =E'V i+E' V2 .

We then define the new stretched coordinates

)=e' (x aot) /R an—d r =e aot /R,
where R is the nuclear radius. Substituting (11) into (5)
and (8}and equating the coefficients of powers 1 and 2 of
E' to 0, we obtain a set of equations for p&,p2 and v „v2.
Solving them for p&, we obtain the following
Korteweg —de Vries equation [12]:

dp =p dh, ~P ] ~Pl

a. +'p'
ag

ypo a p&

2ma~~~ 8/3
(12)

where h is the enthalpy per nucleon, which is related to
the energy per nucleon E by

h =E+paErap .

Then, Eq. (6) reads

av 1+(v V)v= ——Vh
at m

Substituting (3) into (7), we obtain, after neglecting
a(V'p)/ap,

2

h =«po}—,(3p'+po 4') yV'p . — —
2Po

(9)

We see that the equation of state of nuclear matter in-
volving nucleons interacting by a Skyrme-type potential
P =h /m yields essentially identical to expression (1), pro-
posed by Glassgold et al. [5] and used in [1—4] when the
term that contains the density Laplacian has a coefficient

which has a solitary wave solution of the form
1 3/

ypo

2ma OR

v'b
X bsech2 .

2

pi

—1/3
ypo

2ma OR
(+br

(13}

where b is an arbitrary positive constant.
From (12), we see that the soliton solution is possible

only if y&0. We have defined y as a linear combination
of the Skyrme parameters t& and tz given by (4). There-
fore, the soliton solution (13) owes its existence to the ve-
locity dependence of the Skyrme potential, which
modes-up finite-range in nucleon-nucleon forces.

We also observe that the solitary solution (13) has a
negative sign as long as the parameter y is positive,
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which follows for the realistic choices of the Skyrme pa-
rameters and can be seen from the energy-density formal-
ism [7] as mentioned above. Thus, it describes a rarefac-
tion wave. It is different from the compressional solitary
waves considered in [1—4]. Similar rarefaction waves are
met with in the study of wave propagation in liquid He
as observed in [3].

We finally observe that, according to (10) obtained for
the temperature-dependent coefficients of the Skyrme po-
tential [11],the quantity y increases rapidly with the nu-
clear temperature. This suggests the importance of soli-
tary rarefaction waves in hot nuclear matter.

Certainly, our conclusions have to be supported by
more realistic three-dimensional calculation which takes

into account nuclear viscosity and finite size. However,
the results of Ref. [3] suggest that the three-dimensional
effects lead to a damping of the soliton propagation,
which has a limited effect because of the finite size of the
nucleus. Moreover, the density variation in the nuclear
surface region is shown in Ref. [4] to increase the ampli-
tude of the solitary wave and decrease its width. Com-
bining this result with the finding of the present work
suggests that solitonlike cracks resulting from density os-
cillations amplify and become more defined at the nuclear
surface. We thus conclude that the formation of rarefac-
tion solitary waves is a possible mechanism for cracking
hot nuclei formed in intermediate-energy nuclear reac-
tions and their subsequent fragmentation [13].
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