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We determine an “empirical” kaon dispersion relation by analyzing and fitting recent experimenta
data on kaon production in heavy-ion collisions. We then investigate its effects on the hadronic equati
of state at high densities and on neutron star properties. We find that the maximum mass of neut
stars can be lowered by about0.4MØ once kaon condensation as constrained by our empirical dispersion
relation is introduced. We emphasize the growing interplay between hadron physics, relativistic heav
ion physics, and the physics of compact objects in astrophysics. [S0031-9007(97)04917-X]
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There is currently growing interplay between th
physics of hadrons (especially the properties of hadro
in dense matter which might reflect spontaneous chir
symmetry breaking and its restoration), the physics
relativistic heavy-ion collisions (from which one might
extract hadron properties in dense matter), and the phys
of compact objects in astrophysics (which needs as inp
the information gained from the first two fields). A
notable example is the kaon (K and K̄), which, being a
Goldstone boson with strangeness, plays a special role
all of the three fields mentioned.

Ever since the pioneering work of Kaplan and Ne
son [1] on the possibility of kaon condensation in nuclea
matter, much theoretical effort has been devoted to t
study of kaon properties in dense matter. Brownet al.
[2] have carried out a detailed study of free-space and
medium kaon-nucleon scattering using chiral perturbatio
theory. Yubaet al. [3] studied kaon in-medium proper-
ties based on phenomenological off-shell meson-nucle
interactions. Weise and collaborators [4] investigated th
problem using the Nambu–Jona-Lasinio model, treatin
the kaon as a quark-antiquark excitation. Recently, th
have extended the chiral perturbation calculation to inclu
the coupled-channel effects which are important for theK2

meson [5]. Another type of study, which is based on th
extension of the Walecka mean-field model from SU(2)
SU(3), was pursued by Schaffneret al. [6] and Knorren
et al. [7]. Although, quantitatively, the results from these
different models are not identical, qualitatively, a consis
tent picture has emerged; namely, in nuclear matter t
K1 feels a weak repulsive potential, whereas theK2 feels
a strong attractive potential.

Measurements of kaon spectra and flow have been c
ried out in heavy-ion collisions at the energies of th
Darmstadt Schwerionen Synchrotron (SIS)fs1 2dA GeVg,
the Brookhaven Alternating Gradient Synchrotron (AGS
s10A GeVd, and the CERN Super Proton Synchrotro
(SPS) s200A GeVd [8]. By comparing transport model
predictions with experimental data, one can study not on
the global reaction dynamics but, more importantly, th
kaon properties in dense matter. Of special interest is ka
production in heavy-ion collisions at SIS energies, as
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has been shown that particle production at subthresh
energies is sensitive to its properties in dense matter
Recently, high quality data concerningK1 and K2 pro-
duction in heavy-ion collisions at SIS energies have be
published by the KaoS collaboration at Gesellschaft
Schwerionenforschung (GSI) [10]. The KaoS data sh
that theK2 yield at 1.8A GeV (projectile nucleus kinetic
energy in the laboratory frame) agrees roughly with theK1

yield at1.0A GeV. This is a nontrivial observation. Thes
beam energies were purposely chosen such that theQ val-
ues forNN ! NKL and NN ! NNKK̄ are both about
2230 MeV. Near their respective production threshold
the cross section for theK2 production in proton-proton
interactions is 1–2 orders of magnitude smaller than t
for K1 production [11]. In addition, antikaons are strong
absorbed in heavy-ion collisions, which should further r
duce theK2 yield. The KaoS results ofK2yK1 , 1 indi-
cate thus the importance of kaon medium effects which
oppositely onK1 andK2 production in nuclear medium.

Studies of neutron star properties also have a long h
tory. A recent compilation by Thorsett, quoted by Brow
[12], shows that well-measured neutron star masses ar
less than1.5MØ. On the other hand, most of the theoret
cal calculations based on conventional nuclear equati
of state (EOS) predict a maximum neutron state ma
above 2MØ. The EOS can, therefore, be substantia
softened without running into contradiction with observ
tion. Various scenarios have been proposed that can
to a soft EOS, including the high-order self-interactions
the vector field [13], the possibility of kaon condensatio
[14], the existence of hyperons [7,15], and the transiti
to quark matter [16]. All of these possibilities need
be examined against the available empirical informati
from, e.g., relativistic heavy-ion collisions.

The chief aim of this paper is to determine, from th
recent KaoS data on kaon production, together with
previous analysis of nucleon flow, kaon flow and dilepto
spectra [17–20], an “empirical” kaon dispersion relatio
in dense matter. We will show that these data are c
sistent with the scenario that theK1 feels a weak repul-
sive potential and theK2 a strong attractive potential, a
predicted by the chiral perturbation calculation. We th
© 1997 The American Physical Society
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study the effects of this empirical dispersion relation o
the possibility of kaon condensation and on the neutro
star properties. We find thatK2 condensation happens
at about3r0, and the maximum mass of neutron stars
lowered by about0.4MØ once the kaon condensation is
introduced. These values change by about 20% when d
ferent nuclear equations of state are used (see Ref. [
for a detailed discussion).

We use the relativistic transport model for the descrip
tion of heavy-ion collisions and for the calculation of kao
production [9]. The nucleon dynamics is governed by th
by
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chiral Lagrangian recently developed by Furnstahl, Tan
and Serot [22], which provides a very good descriptio
of nuclear matter and finite nuclei. Furthermore, a rece
analysis [20] showed that this model reproduces nicely
nucleon flow [17] and dilepton spectra [19] in heavy-io
collisions, indicating that its extrapolation tos2 3dr0 is
consistent with empirical information. We will thus us
this model as our basis for the determination of the ka
dispersion relation and for the analysis of neutron s
properties.

In the mean-field approximation, the energy density f
the general case of asymmetric nuclear matter is given
´N ­
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The nucleon effective massmp
N is related to its scalar field

F by mp
N ­ mN 2 F. W and R are the isospin-even

and isospin-odd vector potentials, respectively. The l
three terms give the self-interactions of the scalar field, t
vector field, and the coupling between them. The mean
and values of various parameters in Eq. (1) can be fou
in [22]. In this paper, we use the parameter set T1 list
in Table 1 of [22].

From Eq. (1), we can derive a relativistic transpo
model for heavy-ion collisions. At SIS energies, the co
liding system consists mainly of nucleons, delta res
nances, and pions. While medium effects on pions a
neglected, nucleons and delta resonances propagate
common mean-field potential according to the Hamilto
equation of motion,

dx
dt

­
pp

Ep
,

dp
dt

­ 2=xsEp 1 W d , (2)

whereEp ­
p

pp2 1 mp2. These particles also underg
stochastic two-body collisions [9]. In Fig. 1 we compar
our results for proton and pion transverse mass spe
in central Ni1 Ni collisions with experimental data from
the FOPI collaboration [23]. The nice agreement wi
the data provides further support to the use of the chi
Lagrangian of [22] in the present analysis.

In heavy-ion collisions at SIS energies, kaons can
produced from pion-baryon and baryon-baryon collision
For the former, we use cross sections obtained in
resonance model by Tsushimaet al. [24]. For the latter,
the cross sections obtained in the one-boson-excha
model of Ref. [25] are used. For antikaon productio
from pion-baryon collisions we use the parametrizatio
proposed by Sibirtsevet al. [26]. For baryon-baryon
collisions, we use a somewhat different parametrizatio
which describes the experimental data better, than use
Ref. [26]. In addition, the antikaon can also be produc
from strangeness-exchange processes such aspY ! K̄N ,
where Y is a hyperon. The cross sections for the
processes are obtained from the inverse ones,K̄N ! pY ,
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by the detailed-balance relation. The latter cross sectio
together with thēKN elastic and absorption cross sections
are parametrized based on the available experimental d
[11]. The details about elementary cross sections, t
transport model, and the neutron star calculation will b
given elsewhere [27].

From the chiral Lagrangian the kaon and antikaon in
medium energies can be written as [2]

vK ­ fm2
K 1 k2 2 aK rS 1 sbK rd2g1y2 1 bKr , (3)

vK̄ ­ fm2
K 1 k2 2 aK̄ rS 1 sbK rd2g1y2 2 bKr , (4)

where bK ­ 3y8f2
p ø 0.333 GeV fm3, and aK and aK̄

are two parameters that determine the strength of the
tractive scalar potential for kaon and antikaon, respe
tively. If one considers only the Kaplan-Nelson term, the

FIG. 1. Proton andp2 transverse mass spectra in centra
Ni 1 Ni collisions at1.06A GeV.
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aK ­ aK̄ ­ SKN yf2
p . In the same order, there is also th

range term which acts differently on kaon and antikao
and leads to different scalar attractions. Since the ex
value ofSKN and the size of the higher-order correction
are still under intensive debate, we take the point of vie
thataK ,K̄ can be treated as free parameters and try to co
strain them from the experimental observables. Since
KN interaction is relatively weak, impulse approximatio
should be reasonable at low densities. This provides so
constraints onaK . We find thataK ø 0.22 GeV2 fm3,
corresponding toSKN ø 400 MeV, gives a repulsiveK1

potential of about 20 MeV at normal nuclear matter de
sity, slightly smaller than the 25 MeV found in [28]. We
will show later that this value also gives a good fit to th
K1 spectra in heavy-ion collisions.

From the chiral Lagrangian we can also derive equ
tions of motion for kaons [29],

dx
dt

­
pp

vK ,K̄ 7 bkr
,

dp
dt

­ 2=xvK ,K̄ . (5)

The minus (plus) sign corresponds to kaon (antikaon).
For K1 and K2 production in heavy-ion collisions,

we consider two scenarios; namely, with and witho
kaon medium effects. As mentioned, we useaK ø
0.22 GeV2 fm3 for K1. For K2, we adjustaK̄ such that
we achieve a good fit to the experimentalK2 spectra. We
find aK̄ ø 0.45 GeV2 fm3, which leads to aK2 potential
of about 2110 MeV at normal nuclear matter density
This is somewhat smaller, in magnitude, than the “bes
value of 2200 6 20 MeV extracted from kaonic atoms
[30]. The latter value, however, depends sensitively
the extrapolation procedure from the surface of nuclei
their interiors [30]. On the other hand, kaon productio
in heavy-ion collisions and neutron star calculations a
sensitive chiefly to higher densitiesfs2 3dr0g, where our
value should be more relevant.

The results for theK1 and K2 kinetic energy spectra
are shown Fig. 2. The solid and dotted histograms gi
the results with and without kaon medium effects, respe
tively. The open circles are the experimental data fro
the KaoS collaboration [10]. For theK1, it is seen that
the results with kaon medium effects are in good agre
ment with the data, while those without kaon medium e
fects slightly overestimate the data. We note that the ka
feels a slightly repulsive potential; thus the inclusion of th
kaon medium effects reduces the kaon yield. For theK2,
it is seen that without medium effects our results are abo
a factor 3–4 below the experimental data. With the i
clusion of the medium effects, which reduces the antika
production threshold, theK2 yield increases by about a
factor of 3, and our results are in good agreement with t
data. This is similar to the findings of Cassinget al. [31].
For bothK1 andK2, the differences between the two sce
narios are most pronounced at low kinetic energies. T
experimental data at these momenta will be very useful
discriminating the two scenarios.
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FIG. 2. K1 (upper window), K2 (middle window), and
K1yK2 (lower window) kinetic energy spectra in Ni1 Ni
collisions.

The effects of kaon and antikaon mean-field potentia
can be more clearly seen by looking at their ratio as
function of the kinetic energy, which is shown in th
lower window of Fig. 2. Without kaon medium effects
the K1yK2 ratio decreases from about 7 at low kineti
energies to about 1 at high kinetic energies, which is
complete disagreement with the data. Since the antika
absorption cross section by nucleons becomes large at
momentum, low-momentum antikaons are more strong
absorbed than high-momentum ones. This makes
K1yK2 ratio increase with decreasing kinetic energie
When medium effects are included, we find that th
K1yK2 ratio is almost unity in the entire kinetic energy
region, which agrees very well with the data. The shap
of the K1 and K2 spectra change in opposite ways i
the presence of their mean-field potential. Kaons a
“pushed” to high momenta by the repulsive potentia
while antikaons are “pulled” to low momenta. The goo
description of theK1yK2 ratio, together with the fit
to the kaon flow in heavy-ion collisions [18,29], give
us confidence that our in-medium kaon and antika
dispersion relations are reasonable.

We take the antikaon dispersion relation constrained
the heavy-ion data as empirical indication of an attracti
antikaon potential in dense matter. We combine th
with the energy density of Eq. (1) for nuclear matte
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FIG. 3. Neutron star mass as a function of central densi
The solid and dotted lines are obtained with and withoutK2

condensation.

and calculate neutron star properties. We find that,
about 3r0, the effective mass of theK2 drops below
the chemical potential of the electron, indicating th
onset of kaon condensation. After this theK2 density
increases rapidly, leading to a large proton fraction
the neutron star. The results for neutron star mass a
function of central density are shown in Fig. 3, where th
solid and dotted curves give the results with and witho
K2, respectively. It is seen that the maximum mass
the neutron stars is reduced by about0.4MØ with the
introduction of the kaon condensation. Both the critic
density for kaon condensation and the amount of loweri
in the maximum neutron star mass change by about 2
when different nuclear equations of state are used. T
exact value of the maximum neutron star mass, on t
other hand, depends more sensitively on the particu
nuclear EOS used, as discussed in [13].

It should be mentioned that alternative explanatio
for lowering the maximum neutron star mass have be
proposed. Of particular interest is the introduction ofS2

hyperons in [15]. This is a complementary rather tha
competing scenario, since theS2-particle–neutron-hole
state has ap-wave coupling to theK2. A unification
of the scenarios can be achieved by introducing t
“kaesobar,” a linear combination ofK2 andS2-particle–
neutron-hole [32], but the results of the present work w
not be strongly modified.

In summary, we studiedK1 and K2 production in
Ni 1 Ni collisions at s1 2dA GeV, based on the rela-
tivistic transport model including the strangeness degre
of freedom. We found that the recent experimental da
from the KaoS collaboration are consistent with the pr
dictions of the chiral perturbation theory that theK1 feels
a weak repulsive potential and theK2 feels a strong at-
ty.
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tractive potential in the nuclear medium. Using the kao
in-medium properties constrained by heavy-ion data, w
have studied the possibility of kaon condensation and i
effects on neutron star properties. The critical density fo
kaon condensation was found to be about3r0, and the
maximum mass of neutron stars was found to be reduc
by about0.4MØ once kaon condensation is introduced.
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