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Subthreshold Kaons Would Reveal Density Isomers
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If density isomers exist they can be detected by measuring the excitation function of subthreshold

kaon production. When the system reaches the density where the density isomer has influence on
the equation of state (which depends on the beam energy and on the optical potential), we observe

a jump in the cross section of the kaons whereas other observables change little. Above threshold
A's or y's may be used to continue the search. This is the result of microscopic Boltzmann-Uehling-

Uhlenbeck calculations.

PACS numbers: 25.70.—z, 21.65.+f, 25.75.+r

One of the main motivations for the study of heavy
ion collisions at energies in between 50 MeV and several
GeV is to determine the nuclear equation of state (EOS)
as a function of density and temperature. Microscopic
calculations have revealed the dependence of several ob-
servables on the EOS [1—3]. They include the transverse
momentum transfer (flow), the enhanced emission of par-
ticles perpendicular to the reaction plane (squeeze), and
the production of subthreshold kaons. This opens the
possibility to determine the EOS by experiments.

In these calculations two parametrizations of the po-
tential energy of the nucleons have been employed which
mark the expected boundaries of the range of values.
They are given by
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with a = —62, —178, P = 23.5, 140, and p = 2, 7/6 for
the hard and soft EOS, respectively.

This form of the potential energy has the advantage
of depending only on three parameters out of which two
are fixed by the condition that in nuclear matter the en-

ergy per nucleon has a minimum of —16 MeV at normal
nuclear matter density. It is convenient to express the
third parameter in terms of the compressibility K at nor-
mal nuclear matter density. For the soft EOS we obtain
K = 200 MeV, for the hard EOS, K = 380 MeV.

They have the disadvantage of being not very realistic.
It is well known that the nuclear potential is momen-
tum dependent. The momentum dependence has been
measured in p-nucleus collisions; the extension into the
complete p-momentum plane is rather unknown. Guided
by 0-matrix calculations the best guess is presently a
linear dependence on the density. Taking these consider-
ations into account we can obtain a momentum depen-
dent potential which gives the same compressibility at
zero temperature as a hard or soft EOS [4]:
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withe=5x10 4MeV zandn= —65, —195, P=
19, 149, and 7 = 2.09, 1.14 for the hard and soft EOS,
respectively.

However, the nuclear EOS may not be that simple. It
has been argued by several authors [5] that it may have
a second minimum at densities higher than 2po. This
can be caused by nonlinear scalar meson terms in the
Lagrangian or by collective excitations of zero frequency
spin-isospin modes in nuclear matter, called pion con-
densation. However, many of these models had problems
in describing normal nuclear matter. This problem has
been solved in more elaborate relativistic mean field mod-
els using an extended Walecka Lagrangian [6] with third
and fourth power terms in the scalar field [7,8]. Rela-
tivistic mean field calculations with b resonances [9,10]
yield also a second minimum at about p = 3po. Its ex-
act position and depth depend on the scalar and vector
coupling constants of the deltas.

Until recently, due to the large experimental error bars,
there was no evidence that the simple three parameter
EOS is not sufficient to describe the experimental results.
Recently the first high precision experiments have been
performed at the SIS facility at GSI. They produced a
puzzling result. The 4vr collaboration has measured the
transverse momentum transfer as a function of the trans-
verse energy and found that a reasonable agreement be-
tween the microscopic calculation and data can only be
obtained if the EOS is hard [11].Calculations with a soft
equation of state are clearly ofF the data. The KAOS col-
laboration, which measured the production of subthresh-
old kaons at energies around 1 GeV, has found that even
a soft equation of state underpredicts the observed yield.
A hard equation of state would yield an additional sup-
pression by a factor of 2 [12,13]. We would like to mention
two other microscopic approaches, both using seemingly
the same relativistic transport theory [14,15]. Whereas
Ref. [14] agrees with our conclusions, Ref. [15] obtains
a kaon yield which is 1 order of magnitude higher and
therefore leads to completely difFerent conclusions. A de-
tailed discussion of these approaches may be found in
[16].
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Motivated by the theoretical interest in density iso-
mers and by the seemingly contradictory experimental
results, which leave room for new phenomena, we have
investigated how the presence of density isomers would
influence the observables.

In this Letter we will show that above a threshold en-

ergy density isomers change the kaon yield by 1 order of
magnitude but leave other observables like the flow more
or less unchanged. Below the threshold energy the den-

sity isomer now has influence. Thus we observe a jump in
the excitation function. The energy at which this jump
occurs depends on the density at which the isomer is
located. This is the result of microscopic Boltzmann-
Uehling-Uhlenbeck (BUU/VUU) calculations. The de-
tails of the numerical solution can be found in Ref. [1].
We would like to mention that in this approach the effec-
tive mass does not affect the collision term, i.e. , the v s
is calculated with the free masses.

Figure 1 displays the three different equations of state
we use in our calculations. The parameters of the mo-
mentum dependent interactions are chosen in a way that
they reproduce for zero temperature the curves for their
static counterparts. Up to a threshold which is higher
than 2pa all these EOS's are identical and follow the hard
equation of state [Eq. (1)]. The EOS's with a density iso-
mer (Hisom) start to deviate from the hard EOS at 2.4po
(Hisom 1) and 2.6po (Hisom 2). The density isomer has a
depth of 2 MeV at p = pth, es+0.3pp. Above pth«, +0.6po
we have

F/NHisom(p/po) = E/NH(p/pp —0.6) .

Before coming to the results of the calculation it is in-
structive to discuss qualitatively our expectations. We
start with the production of kaons. Below threshold kaon
production is concentrated at central collisions where the
density is high. At 1 GeV Au + Au the average density
at the point of the kaon production is around 2po, the
maximal value about 3pp [17]. Therefore, the kaons test
the high density zone itself. There is a sufficient number
of collisions that some baryons can gain a substantial in-
crease of their momenta which is necessary to overcome
the threshold. The Fermi motion alone is not able to pro-
vide the additional required energy. Most of the kaons
are produced in a two step process [15,16,18],

N, +N& ~ Ni+6, N, +0 ~Ns+A+K.
Because of kinematical reasons this channel is much more
effective than the channel

which counts for not more than 20%%uo of the produced
kaons [19]. A decreasing mean free path of the 6 there-
fore enhances the kaon production because it reduces the
probability that the 6 decays before it collides with an-

other nucleon. A softening of the equation of state at
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FIG. 1. The equations of state (at zero temperature) em-

ployed in our calculation.

high density allows the system to reach a higher density
and hence a shorter mean free path and therefore favors
the production of kaons. If a density isomer exists there
is a region at which there is no additional energy neces-

sary to compress the system further. If the system enters
this region in the course of a heavy ion reaction we expect
a rather sudden increase of the density and consequently
an increase of the kaons as well. Thus all depends on
whether the system reaches the required density. Below
that density the system does not "notice" the fact that an
isomer exists. Since the density is a monotonous function

of the energy, we expect a jump to appear in the exci-
tation function. Because at the same beam energy the
momentum dependent potentials yield a smaller density,
we would expect that there the jump in the excitation
function takes place at a higher beam energy. Because
of the increasing number of inelastic collisions, we expect
also a moderate dependence of the pion yield.

The transverse momentum transfer, on the other hand,
is caused by the potential gradient, which is built up dur-

ing the collision between the high density central region
and the surrounding region [20,21]. This density gradi-
ent is the source of a potential gradient. Particles which
suffer a large transverse momentum transfer never enter
the high density region but the density gradient which

causes a force reflects them sidewards. The average den-

sity which these particles "see" is around the normal nu-

clear matter density. Thus the flow tests the potential
around po. Consequently the flow analysis yields infor-

mation about the surface of the high density zone rather
than about the compression zone itself. We therefore ex-

pect little change if we modify the equation of state at
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densities beyond 2po.
Thus kaons and the transverse momentum transfer test

the potential energy and therefore the EOS at difFerent
densities.

We come now to the numerical results. We performed
calculations of the reaction Au + Au, b = 3 fm for the
six different equations of state employing the BUU/VUU
model. The details of this model can be found in Ref. [1].
Figure 2 displays, from top to bottom, the number of col-
lisions, the kaon, and the pion yield. Up to 600 MeV the
number of collisions is the same for all static, respectively,
for all momentum dependent EOS's. At 700 MeV Hisom
1 starts to deviate from H and Hisom 2. At this energy
the system reaches densities more than p/pp = 2.4 but
not yet a density of 2.6p/po. If the density of p/po = 2.4
is reached for Hisom 1 we have a negative pressure and
the system collapses. Hence the mean free path decreases
and as a consequence the number of collisions increases.
At 900 MeV we also observe a difFerence between Hisom
2 and H. At that energy the system exceeds the density of
2.6p/ps and hence the density isomer of Hisom 2 becomes
effective. At still higher densities the exact position of the
isomer becomes unimportant and the number of collisions
coincides for Hisom 1 and Hisom 2. The density reached
for the EOS's with density isomers is about 0.6po larger
than for the hard EOS. Thus the compressional energy
stays about constant. The momentum dependent EOS's
follow the same trend, but at an energy which is about
200 MeV higher.

At 600 MeV/nucleon the kaon yield of all three EOS's
of the same type is identical. At that energy the density
of the system does not exceed p/ps = 2.4. At Eb«m equal
to 700 MeV/nucleon the kaon yield for Hisom 1 is more
than 1 order of magnitude higher than that of the other
two. The density of p/po

——2.4 is reached around Eb«
= 1000 MeV/nucleon and consequently we now observe
the jump in the kaon yield for Hisom 2. At higher en-
ergies the difference between Hisom 1 and Hisom 2 be-
comes smaller because the density is now beyond 3.2p/po
where both EOS's become identical. Also the difference
between the EOS's with isomer and the hard EOS be-
comes smaller More a. nd more kaons are produced then
in peripheral reactions because the Fermi motion can pro-
vide the additional energy to overcome the threshold of
1.58 GeV. At still higher energies we expect that the ma-
jority of the kaons come from these peripheral reactions.
Therefore the three curves merge and kaons are not suited
anymore as a signal of a density isomer. However, if the
isomer appears at a density which is not reached with
beam energies below the kaon threshold, other processes
with a higher threshold may be used, like the production
ofp's or A' s. The momentum dependent EOS's follow the
same trend but once more shifted by 200 MeV. The jump
of the excitation function is not that pronounced but is
still about 1 order of magnitude, and therefore easy to
measure. As already explained in Ref. [4] the kaon yield
of the momentum dependent interactions is always lower
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as compared to their static counterparts.
The pions show an intermediate behavior. From the

enhanced kaon production we can conclude an enhanced
6 production in the high density region. However, only
very few of the observed pions come directly from the
high density zone. Most of them are reabsorbed on their
way to the surface and the majority of the observed pions
are produced close to the surface of the system. However,
their number still changes by 40% if a density isomer is
present.

Figure 3 presents the results for three dynamical ob-
servables: the flow measured by pt' = Q,. ~sgn(y;)
xp (i), the transverse energy ET /N = gmz + pz~ —m,
and n(p, ) = g(p~z) —(p, )z. When the strong increase
of the particle production takes place we observe practi-
cally no difference of the flow between HM (hard equa-
tion of state with momentum dependence) and HMisom
(hard equation of state with a density isomer and mo-
mentum dependence). Only at much higher energies do
we see, as already anticipated [22—25], a reduction of the
flow. There the zone of negative pressure has increased to
that extent that it starts to have influence on the poten-
tial gradient in the low density zon"- where the flow is
produced.

The transverse energy increases for HMisom 1 and
HMisom 2 as a consequence of the higher stopping and
the subsequent thermalization caused by the increase of
the number of collisions. The same is seen in the di-
rection of the beam where cr(p, ) has also increased. A
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FIG. 2. The number of collisions produced kaons, and pions
as a function of the beam energy for Au + Au, b = 3 fm for
the six equations of state.
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ary of this domain. Thus it mould be interesting to be
able to measure this excitation function up to the ACS
energies, where an enhancement of the kaon production
has been observed as well.
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FIG. 3. The flow, the transverse energy, and cr(p, ) as a
function of the beam energy for Au + Au, b = 3 fm for the
six equations of state.

detailed investigation shows that this increase is not due
to less stopping but to more thermalization.

In conclusion, if a density isomer is present, it will

have strong influence on several observables, especially
the particle production yields, whereas other observables
change little. Hence the puzzling experimental obser-
vation may point to the fact that the three parameter
parametrization (with all parameters adjusted to nuclear
matter properties at po) does not give sufficient freedom
to fin a potential which reproduces the experiment at
low and high densities.

Is there any evidence for the existence of an isomer yet?
Not really, but we would like to point out one remarkable
fact Harris .et aL [26] have measured the excitation func-
tion of the 7r production and for the systems La + La
and Ar + KC1. If we take the ratio of the observed pion
yield R = N (1800 MeV)/N (600 MeV) = 7 and com-

pare it with our calculation we find the values of 4.29
and 6 for H and Hisom. However, this can only be a
hint; a quantitative comparison would require an impact
parameter averaging.

Theoretical calculations conjecture the density isomers
at densities larger than 2.5po. At 1 GeV/nucleon, the
highest energy available at SIS, we are just at the bound-
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