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Hyperon-rich matter in neutron stars
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We study the equation of state of hyperon-rich matter in neutron stars using an extended relativistic mean-
field model. We take special care of the recently proposed nonlinear behavior of the vector field providing a
much better agreement with Dirac-Bkner calculations. The hyperon-hyperon interaction is also imple-
mented by introducing additional meson exchanges. With these new terms we avoid the instability found at
high densities while keeping the excellent description for finite nuclear systems. We also demonstrate within
the mean-field approach that the presence of hyperons inside neutron stars on one hand and the hyperon-
hyperon interactions on the other hand make the onset of kaon condensation less favorable.

PACS numbds): 26.60+c, 13.75.Ev, 21.65:f, 95.30.Cq

[. INTRODUCTION When describing the properties of dense matter it is also
necessary to study the possibility of pseudoscalar meson
Nuclear matter at high densities and temperatures exhibitsondensation. In particular, much attention has been paid in
a new degree of freedom: strangeness, in neutron star mattexcent years to the kaon condensation in neutron $&drs
hyperons and possibly kaons appear at a moderate density Blfost recent calculations based on chiral perturbation theory
about 2-3 times normal nuclear matter dengiy=0.15 [10,11 show that kaon condensation may set in at densities
fm 3. These new species influence the properties of thef 3—4p,. Nevertheless, these calculations do not take into
equation of state of matter and the global properties of neuaccount the presence of hyperons which, as pointed out in
tron stars. The relativistic mean-fie(lBMF) model has been [12], may already occupy a large fraction of matter when the
used first by Glendenning for describing the equation of stat&aons possibly start to condense. On the other side, the cal-
of matter with hyperon$l]. There exist mainly two classes culations including hyperons have not taken into account the
of parameter sets in the literature: the one fitted to nucleapossible kaon condensed phase. Only recently, some work
matter properties and the other fitted to the properties ohas been started to incorporate the hyperon and kaon degrees
nuclei. The latter parameter sets suffer from several shortef freedom at the same tind3,14. In [13] the chiral La-
comings: First, the parametrizations adjusted to reproducgrangian by Kaplan and Nelsd®] is used for the baryons
the properties of nuclei fail at high densities due to an instaand kaons. The hyperons have not been included explicitly as
bility of the scalar self-interactioffor a general discussion constituents of the ground state, they are only considered
see the work by Bodmer and Prif2], a possible solution to through particle-hole excitations induced by tpewave
this problem has been suggested by Rein8td Second, kaon-hyperon interaction. In this approach kaon condensa-
compared to nonrelativistic or Dirac-Brkner calculations tion is predicted around&. The other worl{14] uses the
the equation of state is much stiffer, and the effective mass istandard relativistic mean-fieldRMF) approach for the
much smaller fn*/m~0.5-0.6 at normal nuclear density baryon sector and the kaon-baryon interactions from the
which is unavoidable if the correct spin-orbit splitting is to Kaplan-Nelson Lagrangian. It is shown that the critical den-
be obtained?2]. A possible way out is to introduce a quartic sity for kaon condensation is shifted to higher densities when
self-interaction term for the vector fiel@t]. Such a model hyperons are includedo(>4py). It has been observed that
gives a good description of the properties of nufigiand is  due to the kaon condensate the nucleon effective mass ac-
in a reasonable agreement with Dirac-Bkoer calculations quires negative values at high densities. The authors con-
[4,6]. In addition the instability found in the standard ap- clude that the RMF model breaks down at these densities and
proach disappears. The equation of state for neutron stateat one has to go beyond the mean-field level. Thus, two
(without hyperongis considerably softenddt,5]. Third, the  approaches using the same kaon-baryon interactions come to
hyperon-hyperon interaction becomes important for hyperondifferent conclusions. In view of the present interest we also
rich matter present in the dense interior of neutron gote  include the kaons in our RMF model by using kaon-baryon
that nearly equal abundances of hyperons and nucleons airgeractions motivated by meson exchange models. We dem-
predicted[1]). The standard RMF approach is not suited toonstrate that the additiondhidden strange meson fields
reproduce the strongly attractive hyperon-hyperon interacmentioned above make kaon condensation less favorable
tion seen in doublé\ hypernuclei. An improved Lagrangian even at very high densities.
incorporating an additional pair dhidden strange meson The paper is organized as follows: In Sec. Il we introduce
fields remedies the situatid,8]. These additional interac- the extended RMF model which includes hyperons in a con-
tion terms have never been applied for the equation of statgollable way by fitting the parameters to hypernuclear data.
of neutron star matter before. In addition the hyperon-hyperon interaction is introduced
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through(hidden strange meson exchanges. Then in Sec. llI Il. THE EXTENDED RMF MODEL

we apply the model for studying the equation of state of 1. o avistic mean-fieldRMF) model is widely used
neutron star matter for representative parameter sets which,,\ for describing finite nuclei as well as hot and dense
cover more or less all presently available fit_s to the propertigﬁudear matter(for recent reviews considering the case of
of nuclei and bulk matter. In Sec. IV we discuss the possinucleons se¢l5,16). The RMF model for the full octet of
bility of kaon condensation in neutron star matter. Section Vbaryons was first considered by Glendennjidg We start

is reserved for conclusions and outlook. from the standard Lagrangian
|
Y= Valiyha,—me) Vet = ad,0—U(o)— ~GHG,,+ SMEVAV, — B, + SRR, — S, gyaTaV
e = B(Iy i mB) B 2 00,0 (0-) 4 wv me ko4 nv Zmp i = Js8¥BY BO
_% ng\I’B'yM\I’BVM_% ng\PB'yﬂ;B\I’Bﬁui (1
|
where the sum runs over all baryons of the baryon qgiet, 1 1 1
AST,3037 5% E7). The termU(o) stands for the scalar 39o8=5090A= 5003 = 00z
self-interaction
1
1 b c — —
U(o)==m2c?+ = a3+ — o (2 9NT59px=9p= ®)

introduced by Boguta and Bodmik7] to get a correct com- 9,0=0

pressibility of normal nuclear matter. The parameters of this . ) ]
Lagrangian have been fitted to the properties of finite nuclefnd fix the scalar coupling constants to the potential depth of
[18,19. It turned out that the best fits are obtained for thethe corresponding hyperon in normal nuclear matter. Follow-
parameter sets witbh<<0. In this case the functional forf2)  'NY [7.8] we choose

of the scalar field potential leads to an instability at high (N) ¢ ((N)_ (N)_

densities. Its traces are already seen in the nucté0g3]. Uy =Us"=-30 MeV, Uz"=-28 MeV (6)
Hence, another stabilized functional form has been given bY _ :

Reinhard[3] which eliminates the instability while keeping 1 accordance with the available hypernuclear data. The po-
the good description of nuclei, especially the spin-orbit split—tentlal depth of thex is as§umed o be the same as for the
ting. Alternatively, Bodmer proposed an additional self-/- Based on analyses &f~ atomic data it was found that

interaction term for the vector field!] of the form the real part of the optical potential is(25-30 MeV [23].
A recent analysi§24] indicates that the potential changes

1 sign in the nuclear interior, i.e., being repulsive instead of
Sya= Zd(VMV")Z- (3)  attractive. We will discuss implications of this repulsive po-
tential depth for our results but we will stick mainly to the
This modification leads to a nice agreement with Dirac-Choice given in Eq(6) which constitutes our model 1.
Briickner calculations at high densitif&]. The reason isthat ~ Nevertheless, this model is not able to reproduce the ob-
the vector field is then proportional 8”3 in contrast to the served strongly attracuye.&A interaction |rresp<_act|vgly of _
linear dependence in the standard model. The fits to the profi?® chosen vector coupling constant. An extensive discussion
erties of nuclei are quite successful and the instability due t@P0ut the measured stromgA interaction can be found in
the scalar self-interaction vanishis. Below we adopt this [22]- The situation can be remedied by introducing two ad-
modification. ditional meson fields, the scalar mesty§975) (denoted as
The implementation of hyperons is straightforward. The™ in the following) and the vector meso#(1020) with the
corresponding new coupling constants have been fitted tB'asses given in parenthegig,8|. The corresponding La-
hypernuclear propertig20]. It turns out that the two cou- 9rangian reads
pling constants of thé\ (g,, andg,,) are strongly corre-
lated because they are fixed by the depth of Ahpotential ;:(,//YYZ%(ﬂ,,O'* J'o* — mi* o*2)— %SWS/”

u S\N) =0sA 0% gwAVSq (4) 1
. + S My, d*— +gWg¥go*
in saturated nuclear matt¢21,27. Here U{) denotes the 2 Mobd % 9or8™6> 87
potential depth of a baryon speciesn matter of baryon
speciesj. Hence one can use for example BJsymmetry _Z 9¢B‘1_’B7’M‘I’B¢”“- 7)
for the vector coupling constants B
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The vector coupling constants to thk field are given by ) 3 ®
SU(6) symmetry(see[8] for detaily m;,Vo+ dVOZEB: 9uBPV

242
20470=20ys=0p==— 3 9on:  Gen=0. (8) miRgo=E ngT§P§/B)1
~ ‘B

The scalar coupling constants to té field are fixed by the
condition

m$¢o=§ gquPg/B),
Ee B oy oM o
Uz =V =2V =20 40 Mev © wherepg and p,, denote the scalar and vector densities, re-
o _ spectively. The equations can be solved for a given total
which is motivated by the one-boson exchange madelf  paryon density and charge density, including the con-

the Nijmegen group and the measured strdnly interaction  triputions from the free electrons and muons
[8]. Note that the nucleons are not coupled to these new

fields. In the following we denote the extended model with
hyperon-hyperon interactions as model 2. _ (B)
We conclude this section with a brief comment concern- PB_ZB pv
ing the limitations of the RMF model. This is clearly an
effective model which successfully describes nuclear phe-
nomenology in the vicinity of the ground state. On the other
hand, this model does not respect chiral symmetry and the pe=> QepP+ X qip=0, (12)
guark structure of baryons and mesons. Also negative energy B I=en

states of baryons and quantum fluctuations of meson ﬁel%hereq- stands for the electric charge of a spediesn 3
are d|sregard¢d. The;e deficiencies may affgpt SlgnlflcantlXquilibrilum the chemical potentials of the particles are re-
the extrapolations to high temperatures, densities, or strang%ted to each other by

ness contents.

mi=bi- ug+di- pe, (12

whereb; is the baryon number of a speciesThis means

that all reactions which conserve charge and baryon number
The equation of state for neutron star matter is derived byare allowed, as, e.g.,

standard methodsee, e.g.[1] for the RMF approach with-

out the hidden strange meson fieldhe equations of mo-

IlI. NEUTRON STAR MATTER WITH HYPERONS

A. Equilibrium conditions

tion for the meson fields in uniform matter at rest are given ntn—A+n, A+A—E"+p,.... 13
by Since we consider neutron stars on a long time scale, the
strangeness quantum number is not constrained and the net
P strangeness is determined by the conditioBadquilibrium.
m2o+ —U(a)=2, Josp (100  The above equations fix the fields and the equilibrium com-
do B position of neutron star matter. The energy density and pres-
sure can be derived from the grand canonical potential or the
energy-momentum tensor in a standard wsge, e.g.[1])
me, o=, s Bp(SB), and the generalization to the additional fields is straightfor-
7 ward:
1 b c 1 1 3 1 1 vy (K
— 2 2 3 4 2 * 2 2\/2 2p2 2 42 ! FA3 2 * 2
== +-0°+ 0"+ =-m’, + = +—dVy+ = + = + — +m*e,
(14
1 b c 1 1 1 1 1 v (K 2
_ 2 2 3 4 2 * 2 2y /2 4 22 2 42 ! FAH3
=—= —-0°——=0"—-m’, + - +—dVy+ = + = + ——_—,

(15
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TABLE |. The coupling constants of the parameter sets used in the calculations. The vector coupling
constants for the hyperons are taken from(®Uelations. The nucleons do not couple to #& and ¢
mesons §,«n=g4n="0). TheA does not couple to the isovector fieldgs,{ =0). The coupling constants for
the >'s are the same as for th& except for the isovector coupling constant whichgjs =2g,y. The
parameters for the scalar and vector self-interaction terms are not given, they can be found in the correspond-
ing references. For the set GL85 we choogg= 780 MeV,m,=763 MeV, and ar-meson mass of 500 MeV.

Set NL-Z NL-SH PL-Z PL-40 ™1 T™2 GL85
Ref. (18] [19] (3] [3] (5] [5] [1]
doN 10.0553 10.4440 10.4262 10.0514 10.0289 11.4694 7.9954
duN 12.9086 12.9450 13.3415 12.8861 12.6139 14.6377 9.1462
9N 4.8494 4.3830 4.5592 4.8101 4.6322 4.6783 4.8139
Oor 6.23 6.47 6.41 6.20 6.21 7.15 4.96
O 8.61 8.63 8.89 8.59 8.41 9.76 6.10
Jo* A 6.77 6.85 6.93 6.78 6.67 7.65 5.11
[SPIN -6.09 -6.10 -6.29 -6.07 -5.95 -6.90 -4.31
Ooz 3.45 3.59 3.52 3.43 3.49 3.94 2.97
Ou= 4.30 4.31 4.45 4.30 4.20 4.88 3.05
9,z 4.85 4.38 4.56 4.81 4.63 4.68 4.81
Oo* = 12.59 12.66 12.95 12.57 12.35 14.18 9.38
94z -12.17 -12.20 -12.58 -12.15 -11.89 -13.80 -8.62

where the parameters are fixed to the bulk properties of nuclear
. . matter(see Table)l Table Il shows the nuclear matter prop-
mB - mB+ ga’B(T+ ga’*Bo- (16)

is the effective mass of the bary@n(for leptons the vacuum
mass is taken

B. Composition of matter

erties corresponding to the different parameter sets used.
First we take the sets NL-Zwhich is set NL-1 with a

more consistent center-of-mass correcf{iv8]), NL-SH[19]

for the Boguta model, and the sets PL-40 and P[3Zwith

the stabilized scalar functional. The first parameter set shows

a well-known instability at high densitig8] which appears

In the following we study the composition and the equa-in neutron star matter around=0.5 fm~3. At this point the
tion of state of neutron star matter for the various parameteeffective mass of the nucleon gets negative due to the pres-
sets obtained from fits to finite nuclei. The correspondingence of the hyperons. For higher density no solution can be
coupling constants are listed in Table I.

In principle one can also use parameter sets fitted to thBlIL-SH at a density opp~0.8 fm~2 for model 1 and at 1.0
bulk properties of nuclear matter and to the asymmetry enfm 3 for model 2. The same holds for the case with the
ergy. These sets usually have a higher effective mass than tiséabilized functional forms, sets PL-Z and PL{40, in mod-
former ones. When using these parametrizations no negatives 1 and 2 around a similar density region. Note that this
effective masses occur in neutron star majftigr Neverthe-
less, all parameter sets used in the following describe moround in[14]. One might wonder about the fact that the early
or less the properties of nuclear matter and give a reasonabtecurrence of negative masses found here has not been seen
strong spin-orbit term. This in turn implies a small effective in [14]. The explanation is simple: The standard parameter
mass as discussed [&]. For comparison we consider also sets from fits to finite nuclei always favor a stiff equation of
the parametrization used by Glendenni@)-85) [1] where

found. Negative effective nucleon masses appear also for set

happens even without the presence of a kaon condensate as

state to get a correct spin-orbit splitting which inhibits this

TABLE II. The nuclear matter properties of the parameter sets used. The saturation density and the energy
are denoted by, and E/A, the incompressibility byK, the effective mass byny/my and the symmetry

energy byagym.

Set NL-Z NL-SH PL-Z PL-40 T™1 T™2 GL85
Ref. (18] [19] (3] (3] (5] (5] (1]

po (fm~3) 0.151 0.146 0.153 0.152 0.145 0.132 0.145
E/A (MeV) -16.2 -16.3 -15.9 -16.2 -16.3 -16.2 -15.95
K (MeV) 172 355 294 166 281 344 285
my/my 0.583 0.597 0.55 0.58 0.634 0.571 0.77
agym (MeV) 41.8 36.1 40.5 41.7 36.9 35.8 36.8
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FIG. 1. The composition of neutron star matter with hyperonsin  FIG. 2. The composition of neutron star matter with hyperons in
model 2 using parameter set PL-Z. The jump in the curves is due tiodel 2 using parameter set TM1 with vector self-interaction terms.
The matter approaches isospin-hypercharge-saturation at high den-

the negative effective mass of the nucleon.
sities.

instability as the fields are growing fast with the density. Fits
to nuclear matter only can lead to a rather soft equation of The sijtuation at higher densities differs for the various

state which avoids the instability due to a moderate rise oparameter sets mainly due to the instability mentioned above.
the fields. Nevertheless, the latter parametrizations are nqtaking the absolute value of the nucleon effective mass one
able to describe the strong spin-orbit splitting seen in finitestill cannot find a solution for the sets NL-Z and NL-SH
nuclei (for a detailed discussion sd@,18]) and therefore above the critical density for model 1. For the sets PL-Z and
cannot be considered as realistic. In the following we ex-PL-40 we found a solution where the neutron star matter
tended our calculation to densities beyond the instability bybecomes pure hyperon matter dominated /% and no
taking always the absolute vallimy| of the effective mass. nucleons appear above the critical density. Also the electro-
It is clear that a much more refined procedure is necessary tthemical potential changes sign and positrons and antimuons
treat the problem of negative effective masses, i.e., goingppear instead of electrons and muons. When turning on the
beyond the standard mean-field approximation. But this ifyperon-hyperon interactiongnodel 2 the hyperons feel
beyond the scope of the present work. effectively an additional repulsion at these high densities.
The behavior for lower densities is quite similar in all Hence, nucleons are now present but still considerably less
these models. Figure 1 shows as an example the compositi@ibundant than hyperons. Now a solution for set NL-SH can
of neutron star matter for the set PL-Z and model 2. Thebe also found. Nevertheless, these results should be taken
proton fraction rises rapidly and reaches maximum valuesvith some precaution as we do not treat the problem of nega-
over 20% around 2—®,. At this density, the hyperons, first tive effective masses consistently.
A’s and3 ~’s then E ~’s, appear abundantly and the lepton  Now we turn our discussion to the case of models with
fraction is considerably reduced. When the other hyperonsector self-interactions. Two sets, named TM1 and TM2, ex-
are present at densities of 3pAthe number ofA’s even st so far in the literaturg5] (see also Table)l It has already
exceeds the number of neutrons, so that the dense interibeen found that the behavior of the nuclear equation of state
resembles more a hyperon star than a neutron star. Also tHfellows more closely the trends of relativistic Bikner-
population of leptons gets negligibly low, as the electro-Hartree-Fock calculations and that the maximum mass of a
chemical potential drops instead of growing. These generateutron star is reduced,5]. Figure 2 shows the composi-
features have been found earlier by GlendenmifilgNever-  tion of neutron star matter for the set TM1 with hyperons and
theless, in our calculation all the hyperons are settled in eawith hyperon-hyperon interactionémodel 3. Up to the
lier compared to the findings ifl]. We have also checked maximum density considered here, p3Q all effective

for the occurrence of) ™ which do not contribute in any of masses remain positive and no instability occurs. The behav-
ior at moderate densities is quite close to that of the previous

our calculations.
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parametrizations: The proton fraction has a plateau at 2—4

po and exceeds 20% which allows for the direct URCA pro- 10
cess and a rapid cooling of the neutron $&8]. Hyperons,

first A’s and2 ~'s, appear at gy, thenE ~’s are populated 5
already at 5. The number of electrons and muons has a
maximum at this density here. The muons vanish when all

the hyperons have been settledpat0.85 fm~2 while the

electrons remain on the level of 2% . The fractions of all
baryons show a tendency towards saturation, they asymptoti- 10
cally reach similar values of 8—15 % which correspond ap-
proximately to spin-isospin and hypercharge-saturated mat-
ter. In the ideal case of vanishing effective masses all baryon
fractions would be proportional to the spin-degeneracy fac-
tors.

Switching off the hyperon-hyperon interactions, i.e., go-
ing from model 2 to model 1, we see again that negative 107
effective masses appear @t 1.3 fm~2 for set TM1 and at
p=0.95 fm 2 for set TM2 due to the missing additional 5
repulsive force for the hyperons. Nevertheless, the main
population pattern is not changed considerably below ' i
p=0.6 fm~3 when going from model 2 to model 1, but the 2 ff j ! ;
number of hyperons, especially’s, are reduced at higher : i : k i
densities. Also the leptons vanish for set TM1, but for the set . : ! Lo
TM2 positrons appear again, as the electrochemical potential 10 0o 1 2 3 4 5 6 7 8 9
changes sign above the occurrence of the instability. These 0/ po
results demonstrate the importance of the additional ex-
changes byc* and ¢ mesons. An additional repulsion is » ) ,
needed here at higher densities to stabilize neutron star mat- F'G- 3. The composition of neutron star matter with hyperons in
ter. model 2 using the parameter set _C_5L85. The abundancgs of all spe-

For comparison we preformed the calculations also for th&'®s become equal at high densities except for¥fewhich are
parameter set GL85 from Glendennifttj. Figure 3 shows suppressed.
the composition of neutron star matter for model 2. The be-
havior looks quite similar compared to the other parametehave to be multiplied by the corresponding coupling con-
sets except for th&'s which are suppressed here. Also no stants listed in Table I. In addition, we have also plotted the
negative effective masses occur. The effective masses of trdectrochemical potential. It reaches a maximum value of
baryons are higher, e.g., at dfthe effective mass of the about 200 MeV aroungh~2-3p and then gets consider-
nucleon is still around 300 MeV whereas it is close to zeroably lower at high densities instead of growing steadily. This
for the other parameter sefsee Fig. 4. Hence the effective behavior is due to the onset of negatively charged hyperons
mass term still plays a dominant role favorings and (2~ andE") as has been first found by Glendennirig.

E’s. Note that theZ’s see only a half of the repulsive vector The vector potential exhibits initially a linear rise which then
potential from thew meson compared to ti®’s. We find a  slows down due to the vector self-interaction and the onset

Particle fraction
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quite similar behavior also for model 1. of hyperons ap~0.3 fm 3. At the same density théhid-
den strange fields are developed and reach quite high values
C. Baryon effective masses and field potentials for very dense matter. Thé field shows a rather linear be-

The effecti defined (6 lotted in Fia. 4 havior with density while the scalar fields tend to saturation
f the etec |vebmassesf € mteTl\(;ll) a[je P Od el 2|nTh|g. " at high densities. The isovector-vector field induced by the
or the various baryons for se and model 2. 1he efiec- exchange is quite small over the whole density range and

ever exceeds- 15 MeV. The other fields are one order of

The fields get so strong, that, for example, a 10% change of
£ 1h do* field Its | h b Bne coupling constant can alter the potential up to 100 MeV.
?Wéei (Ihznefcfrectilvee fn;es‘?é;s é?/eerl :ﬁte ?/(/hcc())lgszjaenr:s%;prar?g-]gherefore’ it is very important to fine tune the scalar cou-
) ling constants according to the potential defsthe Eqs(6)
shown. Note that the nucleons do not couple to(tidden and (9)]. This has to be kept in mind for the forthcoming

i * - . . . .
strange scala.r fiela™. The qve_rall small masses of the bary discussion of the properties of kaons in dense neutron star
ons at very high densities indicate that the neutron star mals Atter

ter approaches an isospin-hypercharge-saturated state matter
with close abundances, as seen in Fig. 2.

The pure scalar and vector field strengths are shown in
Fig. 5. To get the potential for a given baryon species they The pressure versus the energy density is shown in Fig. 6

D. Equation of state
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FIG. 4. The effective masses of the baryons vs the density for FIG. 5. The mean meson fields and the electrochemical potential
model 2 using set TM1. All effective masses remain positive for theys the density for model 2 using set TM1. Scalar and vector fields

density range considered. have opposite signs indicating large cancellation effects at high den-
sities.
for all parameter sets using model 2. Fex800 MeV We have also calculated neutron star matter using the cou-

_3 . .
fm = there exist mainly two bunches of curves. The paramying constants for th&'s derived from a most recent analy-
eter sets without vector self-interaction are located in th is of 3~ atomic datd24] and checked for changes. We used
upper branch. The sets TM1 and TM2 with vector self—Set TM1 with the coupling constants,s=g N and

interaction are softer, i.e., they have a lower pressure for 9 +=2/3g,, instead of the ones given in E65) and took a
p p

gwen energy density and_ are therefore constituting the Iow.erepulsive potential depth OU(EN):+3O MeV at normal
ranch of curves. For higher energy densities, set TM2 is . . ; .
stiffer than set TM1. Also the parameter set GL85 fitted tonuclear density. Mamly due to th? higher coupling ponstant
bulk properties of nuclear matter is rather soft and is Iocategi0 the @ mMeson we f!nd that the’s do not appear In our

in the lower branch of curves. For the upper branch Or]é:alculatlon at all. This demonstrates the sensitivity of the

recognizes kinks in the curves which are due to the instabilgOmpOSItlon of neutron star matter to a small change of the

ity discussed abovéi.e., negative effective massesFor coupling constants. Nevertheless, the proton fraction still ex-

model 1(not shown, one sees a very pronounced jump in ceeds 20% allowing for the direct URCA process. All re-

the curves due to the occurrence of this instability. The equagammg baryons approach equal abundances for high densi-

tion of state gets then considerably softened reaching ver ?esétr-ggﬁe?]:‘iig?esc‘)tg]nttig?aif;efﬁgee n?gfi‘?‘;s’og'igtgc;reent\zlrs’
low pressures. But for model 2 the jump is much less pro- P 9 y

nounced and even vanishes for the sets with vector Se”s_mall(less than 10%compared to our previous results. The

interaction. Another difference between model 1 and model _Iectrochemical potential _is a little bit. higher "?“_‘d the equa-
is the slight softening of the equation of state for intermedi- ion of state gets a little bit stiffer at high densities. Also the

ate densities which is due to the attractive hyperon—hyperoﬁ‘aeilzlgseézgahgo'rr]]'or?ig:? eegie ﬁ%c(:nilhev&(ﬁgr?asmlvm IThtg]see
interaction mediated by the*-meson exchange. For very ge sig y pplyIng

high densities model 2 gets stiffer than model 1, because th%oupllng constants.

contribution from the repulsive field overwhelms now the
attraction from thes* field which is saturating at very high
densities. In addition the stiffest possible equation of state Finally, we want to study possible extensions of the RMF
e=p is also drawn. The causality conditiolp/de<1 is  approach by including other mesons. It is well known that
fulfilled by all sets, so that the sound velocity remains lowerpseudoscalar and pseudovector mesons do not contribute in
than the speed of light. The microscopic stability conditionthe mean-field approximation. The same holds for all the
dplde=0 is also satisfied except for the instability regionskaon resonances as they couple off-diagonally. Tensor meson
associated with negative effective masses. fields also vanishes in infinite matter. Hence, the only re-

E. Effects of the 6 meson
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FIG. 6. The equation of state of neutron star matter with hyper-  FIG. 7. The effective masses of the baryons versus the density
ons in model 2 for different parameter sets. The low density regimgor model 2 using set TM1 witl$ mesons. All baryons have differ-
is zoomed up. The causal limit= € is also shown. ent (nondegenerajeeffective masses due to tiemeson contribu-
tion.

maining meson which can be added to the present Lagrang-

ian is the scalar isovector mesag(980) (the 6 meson. To  glectrochemical potential, is the change in the effective
our knowledge this meson has been not considered so far fghasses of the baryons which are plotted in Fig. 7. In contrast
the equation of state of neutron stars. Fits to the properties qf, Fig. 4 every baryon has now a different effective mass.

nuclei seem to indicate that its contribution are negligible for o biggest effect is seen for the™ due to its large coupling
the discussion about binding energy, radius and surfac onstant to thes field. The effective mass of th®~ can

thickness of stable nucl¢i8]. Nevertheless, it might be im- even be lower than that of the. The neutron has a signifi-

portant for very asymmetric systems. For the discussion irg:antl lower effective mass compared to the proton. For high
the next section it is instructive to study the influence of this y P P : 9

meson on the properties of neutron star matter. We imple(jensltles the relative difference can be as large as a factor of

mented thes meson in the standard way with the coupling 2. The absolute_ dif_ference can exc_:eed 120 MeV. Neverthe-
constantg ;=5.95 taken from the Bonn mod€27]. The less, the potential induced by thefield never exceeds 70

other coupling constants are scaled according to the isospi€V for the nucleons and is therefore negligible compared
of the corresponding baryon ¢2y=0ss=29s=, 9sn=0). to the rather high potential terms coming from the isoscalar

As seen in Fig. 5 the contribution from the vector isovectorfields (see Fig. 5.

mesonp is quite negligible compared to the other fields.

Therefore, we expect only minor changes when introducing 1V. KAON INTERACTION IN THE HYPERON-RICH
the scalar isovector mesah Indeed, the equation of state MEDIUM

with the § meson gets only a little bit stiffer for lower den-
sity regions. For higher densities the equation of state ap-
proaches the one for symmetric matter and the contribution The kaon-nucleon interaction has been studied recently
of the 6§ meson simply vanishes in this case. The baryorwithin different approaches including the Bonn mofi28],
composition shows some small changes for densities lowethe Nambu-Jona-Lasinio modg29], and chiral perturbation
thanp<3pgy. As the S field is repulsive for the protons, but theory[30]. Antikaons in dense nuclear matter are of special
attractive for theX ~’s, the former ones are a little bit sup- interest because they can form a condeng@itéeading to a
pressed while the latter ones appear slightly earlier. Theseonsiderable softening of the equation of state and a reduc-
effects reduce the number of electrons and the maximurtion of the maximum mass of neutron stdd]. But this
chemical potential is now about 150 MeV instead of 200issue is still controversial. The chiral perturbation theory
MeV. The other meson fields do not change whendlield  gives a rather robust prediction for the onset of antikaon
is introduced. The most pronounced effect, despite the lowetondensation gi.~3—4p, [11]. However, a simple consid-

A. Preliminary remarks
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eration based on the RMF model leads to a strong nonlinedB1]. No effect has been found for the onset of kaon conden-
density dependence of the antikaon energy disfavoring antsation[31], but one should note that th®(1405) has been
kaon condensatiofil2]. only implemented as a new elementary particle contrary to

We highly appreciate many efforts for constructing a con-the conclusion drawn in34,28. In a recent paper Kaiser,
sistent approach to kaon condensation based on the chir8liegel, and Weise have applied a coupled channel analysis
perturbation theoryf11,30,31. But in our opinion this ap- for chiral perturbation theor§36]. Within this formalism the
proach has principal difficulties which may not be easy toA(1405) is automatically generated and the low energy
overcome in the near future. The main problem is that simplé ™ p scattering data are successfully described.
chiral models have never been applied successfully for de- In our previous worK12] we have conjectured an impor-
scribing the saturation properties of nuclear matter. By thigant role which hyperons should play in determining the
reason the parameters used for calculating the kaon energiyreshold of kaon condensation. Here we present the calcu-
(coupling constants, nucleon effective mass,)etmy not be  lations which confirm these qualitative estimates. Recently,
consistent with the properties of the background nuclear mathe effects of the presence of hyperons have been studied
ter. Another and maybe related problem is that only lineamlso by Ellis, Knorren, and Prakafb4]. The authors use the
terms in the baryon density are under control in the chiraRMF model with scalar self-interaction for the baryon sector
Lagrangian. In particular, the scalar densityis identified and the chiral approach of Kaplan and Neld&j for the
with the baryon(vecto) densityp of the matter in the lead- kaon-baryon interaction. It has been shown that the presence
ing order expansion of the chiral Lagrangian. This approxi-of hyperons, in particular th& ~, shifts the threshold for
mation certainly fails at high densitie§for instance at K~ condensation by several units @f. Note, however, that
p~3p, the difference can be about 80%)). Already using  Ellis et al. do not take into account the off-shell terms which
the scalar density, as it is dictated by Lorentz invarianceare necessary for a correct description of Kig-scattering
shifts the kaon condensation threshold to densities abovengths[11]. As we will show below, these additional terms
5p0[12,32. In[12] it was also shown that many-body forces will shift the onset of kaon condensation to even higher den-
associated with the self-interaction of the meson fields disfasities.
vor kaon condensation even more. By these reasons we use a
more phenomenological approach in the present paper based B. Kaon effective energy
on the one-boson exchange model.

As it is well known, there exists an important difference
betweenK *N andK N interaction. Compared t "N the
K™ N interaction is more complicated due to the existence o
the A (1405) resonance just below threshold. This makes th
interpretation of the availabldK "N scattering andK™
atomic data less transparent. Recently an improved fit of

. ; ; : o=, KK —m2KK — g, mcKK
K~ atomic data was carried out assuming a nonlinear density” <~ “# K oMk BT

In the following we adopt the meson-exchange picture for
the KN interaction simply because we use it also for param-
gptrizing the baryon interactions. By analogy to the Bonn
model[28] the simplest kaon-meson Lagrangian can be writ-

n as

dependence of the effecti\tematrix [33_]. It has be_en shown _ ga*KmKIZKU* _ ngPZi 3MKV”— ngR;Ki 3MKF—éM

that the real part of the antikaon optical potential can be as

attractive as —g ¢KIZi EMK . (18)
Ugo~ —200£20 MeV (17)  However, it is easy to see that this coupling scheme does not

fulfill the Ward identity in the medium requiring that the
at normal nuclear matter density while being slightly repul-vector field should be coupled to a conserved current. In-
sive at very low densities. This fit is in agreement with thedeed, the conserved kaon current from the Lagran¢idn
low density theorem foK ™ p scattering and is strongly af- reads
fected by theA(1405) resonance. Also another family of

solutions has been found with a moderate potential around, [ — 9% 9%
—50 MeV. Note that the standard linear extrapolation gives) .= Kﬁ_ 9K

only values of about-85 MeV [33]. These latter two solu-
tions do not fulfill the low density theorem, i.e., they are not  _ i 5 kK —(ig KK —2KK V 4+g. rB +

getting repulsive at low densities. There exist some hints that pK=(19,K) (QukVi Gk TRLF Gyxcd),
the A (1405) is a quasibound state in thehanne[34,28§. It 19

is not surprising then that th€ "N scattering data can be _ .
P g J where the third term would not be present in free space.

explained by a simple vector meson exchal®y where the . . )
effects of this resonance come out automatically. This reso-1OM the equation of motion for the vector fielt one has

nance seems to be less important in dense matter when the L B

kaon mass is shifted dowr_1 beIaWA(14O5)— mN~4_65 _MeV. J,Fr+ mivsz 9.8Vsy"VYe+9g,k(Kid,K) (20
In [35] a separable potential was applied for thep inter- B

action for finite density. Indeed, it was found that the mass of ) . o .
the A (1405) is shifted upwards and exceedsltiep thresh- ~ and after applying a partial derivative on both sides
old already at densities of abopt=0.4p,. In this case the

use of mean-field potentials may be jl_Jstified. Most recently, miﬁvV”ZZ gwsﬁv(‘lTEs?’”‘I’B)+9wK5”(|Zi 7K) (21)
the A(1405) has been also included in the chiral approach B
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(the vector self-interaction term is omitted here because it isical potential and the energy shifielative to the free mags
purely phenomenological and the following arguments doof the (antikaon do not coincide. In addition, the right-hand
not hold for if). The first term on the right-hand side vanishesside of Eq.(29) shows a nonlinear density dependelisee
due to the baryon number conservation which is fulfilled foralso[33]). At normal nuclear density the in-medium energy
every baryon species for strong interactions. The seconghift of the antikaon is about 20% less than the correspond-

term would also vanish in vacuum, but not in the medium.ing optical potential.
The situation changes when introducing the modified kaon- In the following we consider two possibilities: we adjust

meson Lagrangian the scalar coupling constant @S =—120 MeV, as an up-
= D:‘LIZD”K _ mﬁlZK— gUKmKIZKU— ga*KmKIZKO‘* per bound for the standard fit and the lower family of solu-

(22)  tions found in[33], or to ngt: —200 MeV for the second
family of solutions. Note that the deep optical potential fam-

with the covariant derivative ily is linked to the A (1405 physics. Hence one should con-
] L sider this deep potential as more appropriate. On the other
D,=d,+igu,kV,tig,k™R,+ig4k P, - (23)  hand, once the energy is lowered with increasing density, the

A (1405 becomes irrelevant and perhaps its contribution to
the K™ optical potential should be ignored. This would sug-
gest a weakening of the optical potential under increasing the

One gets now additional terms of the form

L= Lkt (GukV ot Gk TR, Ok d,) KK, (24)

density.
These terms modify the equations of motion for the vector N our approach the low density theorem is not fulfilled
fields in such a way that, e.g., for the KN case due to the presence of th¢1405) reso-

nance(in principle, one has to solve coupled channel equa-
2 “_ u o tions to get the correct scattering length, which is beyond the
m;,d,V —% 9,881t Juklk=0. (29 scope of this paperWe argue here that the contribution of
the A(1405) can be neglected for the evaluation Kof
It should be emphasized that the additional terms are notuclear interaction at high densities, when the energy of the
forced by Eq.(25) (for a discussion about fixing the zero K~ N system drops below 1405 Mel¢ee alsd33,35). This
component of the vector field sd87]) but by the Ward implicitly contains the assumption that the mass of the
identity. The equation of motion for kaons in uniform matter A (1405) stays constant with growing density.
then reads

P " C. Onset of kaon condensation
{0,0%+ Mg+ gokoMi+ gx ko™ Mg +2(9,k Vot J,k T3R3 0 o .
The onset ok-wave kaon condensation is determined by

+ 04k P0)i *— (9 Vot 9,k 73R3,0T G g b0) }K =0, (26) the condition

where we have used E(5). The coupling constants to the — pe= pk-=wg-(k=0). (30

vector mesons are chosen from the(SlUelations . .
When calculatinguk- we have also taken into account the

29,k =29,k= \/§g¢K:gwwp=6.O4. 27 contribution from the(hidden strange meson fields* and
¢o according to Eq(28). The coupling constant to the*
Decomposing the kaon field into plane waves one obtains thiield has been determined froniy(975) decay [38],
following dispersion relation for kaon@ipper sign and an- g . =2.65. Note that this value is obtained despite the fact
tikaons(lower sign in uniform matter composed of nucleons that the mass of thé, is lower than theKK threshold which
and hyperons is a source of uncertainty. While tle* field is attractive, the
_ = = 5 ¢ field is repulsive for antikaons. In a hyperon-rich medium
i = M+ Mic(Gok o+ Gk ™) +K the contribution of thep field is always repulsive for hyper-
+ ons andK ~ while attractive for antinyperons ard™. This
= (@ukVot Goxbot Gk TaRa0)- @8 can be traced back to the strangeness number which is
Note that due to the additional tert®4) the vector potentials S=—1 for hyperons anK™ but S=+1 for antihyperons
appear linearly in the kaon energy. and K*. The isovector field is also repulsive for the"

The coupling constarg,x could be taken from the Bonn since neutrongand alsa ~) are more abundant than protons
model[28] but here we adopt another prescription. We fix it (and = ). As seen in Fig. 6 the electrochemical potential
to the value of the potential depth of kaons in the nucleagoes through a maximum and then decreases at higher den-
medium to reproduce the strongly attractive potential seen isities.
kaonic atoms[33]. The optical potential in symmetric The relativistic effects, the reduced electrochemical po-
nuclear matter Rz 0=0, o* =0, ¢y=0, no hyperonsk=0) tential, and the presence of the and thep-meson fields
can be reconstructed from the equation of moti»@) make kaon condensation less favorable for hyperon-rich mat-

_ ter. Interestingly, that already Glendennirgd has referred to
2uinU = 9ok M — 20,k 0k Vo~ (9. V)%, (29)  this decrease of the electrochemical potential as a reason
why kaons are not likely to condense.
where uky is the reduced mass of the€™ N system. By In Fig. 8 we plotwk-— uk- as a function of baryon den-
comparing with Eq(28) one notices that in general the op- sity for model 2 and the various parameter sets considered




1426 JURGEN SCHAFFNER AND IGOR N. MISHUSTIN 53

The kaon optical potential presented in the previous sec-
600 tion is unsatisfactory in several respects. First, it does not
fulfill the low density constraints on the scattering lengths.

Second, for the case mgptz —200 MeV the optical poten-
tial of the K* meson turns out to be attractive while experi-
ment tells us that it is repulsive. And third, the off-shell be-
havior of theKN-scattering amplitude is not correct. Hence,
below we consider possible ways of eliminating these short-

500

400 f comings.
>
é) D. Fitting scattering lengths
:300 Alternatively to the procedure used in the previous sec-
TTL tions, one can fix the parameters of the kaon Lagrangian to
3M the KN-scattering lengths. ThEN case can be obtained by

performing aG-parity transformation. For the Lagrangian
(22) the isospin averaged scattering length in the tree ap-
proximation read$39]

200

1 3

100 Bo= 2 0+ "
_ My Jok9oN _Zngng
0 Am(1+me/my) | m2 m2,
= —0.255fm, (31

where the experimental value has been taken ffdfj. It
FIG. 8. The effective energy minus the chemical potential of thecan be used to fixg,« for known g, . Nevertheless, the
K™ vs the baryon density for model 2 using various parameter sety.agrangian(22) is not able to give the corre®N-scattering
The upper curves are calculated fdka optical potential at normal length in the two isospin channels separately. A way out
density ofUﬁpt: —120 MeV, the lower ones fdﬂﬁpt: —200 MeV.  might be in introducing in addition to the meson, an extra
coupling of the kaon to the scalar isovector mesg(9380)
< which we denote ad. TheKN-scattering lengths for a given
above. The upper curves correspondUfj,=—120 MeV isospinl on the tree level are then given by

whereas the lower curves tdﬁptz —200 MeV. Below 3

one sees a rather steep and linear drop. After the appearance —1 My Jok9oN  IskOsN

of hyperons, the slope of the gurves_changes dramaycal_ly 2 " 4m(1+me/my) m2 m§

and they even turn upward again. Antikaon condensation is 7

only possible if a curve crosses zero. This does not happen at JokJoN - 9pKkIpN

all for the upper family of curves and only occurs for set 22— 2 2 o | (32
PL-40 (but in the unstable regime with negative effective ¢ ’

massep for sets TM1 and GL85 among the lower family.

The almost linear decrease of the effective kaon energy in 20— Mk (90K90N _ g9okIan

the latter case, among other reasdsse the discussion in 0 4a(1+mg/my) m(z, mfs

[12]), may be explained by the rather huge scalar coupling

constant of the kaorg,,x=6.5, which is close to the one for _znggsz + enggsz _ (33)
the nucleon. As the vector potential gives only about 50 MeV m;, my,

attraction, the scalar potential must be unrealistically deep,

about — 175 MeV, to getngF —200 MeV [see Eq.(29)].  The necessity of thé-meson exchange contribution can be
Note that the two sets TM1 and TM2, which do not getS€en if one first §ets it to zero and take(susymmetr)_/ for
negative effective masses and might be the most reliable cai'® vector coupling constants. Then theanlq;g contribu-
culations, give different predictions concerning the possibil-tions cancel outd,x9.n=39,k9,~) and thea, - scattering
ity of kaon condensation. While the former one reaches zeréngth contains only the term coming from themeson ex-
at p~6p,, the latter one is at all densities at least 60 MeVchange. This gives a large positive scattering length whereas
above the critical value. the experimental valu¢40], ay °=—0.09 fm, is slightly

The only conclusion, which one can make after inspectingiegative. Takingy,n=10, g,n=13 as standard values for
Fig. 8, is that theoretical predictions for the antikaon energythe RMF modelsee Table) one getsa;, °~0.4 fm without
are rather uncertain above@. A better determination of the the §-meson contribution. Including thé-meson term and
K™ optical potential in nuclei is extremely important for re- usinggs=>5.95 from the Bonn moddR7] one can fit both
ducing this uncertainty. scattering lengths nicely for
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TABLE lll. The coupling constants for the interactions of kaons with different mesons. The coupling
constants to the- and § meson are fixed by thewave KN-scattering lengths. The vector coupling constants
are chosen from S@) relations. The coupling constant to th& meson is taken fronfi, decay[38].

Set NL-Z NL-SH PL-Z PL-40 ™1 T™2 GL85
Ref. [18] [19] (3] [3] (5] (5] [1]
Jok 1.85 2.05 2.20 2.27 1.93 2.27 1.27
Juwk 3.02 3.02 3.02 3.02 3.02 3.02 3.02
9,k 3.02 3.02 3.02 3.02 3.02 3.02 3.02
Oo*K 2.65 2.65 2.65 2.65 2.65 2.65 2.65
Jok 4.27 4.27 4.27 4.27 4.27 4.27 4.27
Osx 6.37 5.59 5.89 6.31 5.87 5.94 6.31
0ok~1.9-23, gsx«~5.6-6.4 (34  According to[41] it changes sign forw=m /2, if one

takes f,x=20,k. Together with the condition

for the various parameter sets used. A complete list of th@.« —fox~2 this givesg,c~—2 andf,x~—4. Note that
coupling constants of the kaon can be found in Table Hi.in~ [11]  the  off-shell terms are  smaller,
Note that the values are surprisingly close to the ones extok/gox=—MgD'/Sn=~0.4, so that both coupling con-
pected from the simple quark-modeb =g,\/3~3.3, Stants are positive. With the new terni35) the effective
Jsc=0sn=>5.95). Set GL85 gives a smaller value fogx mass of the kaon in the hyperon-free medium is
compared to the other parameter sets which is related to the 5
smallerg,,y value(see Table Il. The effects of theS meson v Mt gexoMg
on the properties of neutron star matter were discussed in the M= 1+ f co/mg
previous section and seemed to be quite insignificant. Hence,
despite the rather large coupling constant to dh@eson its  (note that both the scalar fields and the coupling constants
influence on the kaon effective energy in neutron star matteare negative heje It is reduced compared to the case
is expected to be rather small compared with the other isof ,~0 andg,x~2 so that it makes kaon condensation even
scalar fields. less favorable at higher densities.

We have found that the fit based on the adjustment to the

E. Off-shell effects KN-scattering lengths leads tokaoptical potential around

Effective chiral Lagrangians, which incorporate a correctYop= — (130-150 MeV at normal nuclear density for the
off-shell behavior of th&K N-scattering amplitude, have been Parameter sets used. This is between the two families of
proposed if11,41. These two approaches introduce differ- solutions found in[33]. Set GL85 gives a much shallower
ent off-shell terms. But despite that, as shown42], the  optical potential 01U§pt= —96 MeV.
effective meson masses can be uniquely obtained. In our The general expression for the effective energy of the
approach we do not need off-shell terms to get the correatharged kaor(plus sign and the antikaoriminus sign in
KN-scattering lengths. Hence, the coupling constants for theeutron star matter is given by
off-shell terms cannot be fixed unambiguously. Here we sim-
ply adopt the view that the scalar term in tK& amplitude \/ Mk + 0ok O+ dgrkT* £ sk T30
has_to change sign when goi_ng from t'he qn—shell point @+ k-=Mk Mg+ 2(Gux T+ Jor kO = G ok 7300)
wy =M to the off-shell pointwx =0 as outlined if41] and
check the importance of the off-shell terms for the onset of T (guk Vot gk PoT 9,k T3R30)- (37
kaon condensation. In the one-boson exchange picture this _
can be achieved by introducing the following terms: The density dependence of tKeandK effective energies is
displayed in Fig. 9 for the parameter sets TM1, TM2, and

> fsxo GL85 using model 2 with th& meson. The two caséwith
2 m. and without the off-shell termsre shown. The energy of the

(35) kaon is first increasing in accordance with the low density
theorem. The energy of the antikaon is decreasing steadily at
The on-shell constraints, Eq&2) and(33), can still be ful-  low densities. With the appearance of hyperons the situation
filled if one replacesg,x by g,x—f,« and gs by changes draman_cally. The potentlal induced by thdield
gsc—fsc, respectively, and uses fog,«—f,«x and cancels the contribution coming from themeson. Hence, at

(36)

Z :D*RDMK(—f”KU+ forko”
Zy=D*
mg mg

off-shell amplitude is now proportional to become equal to the kadantikaon) effective mass, i.e., the
curves for kaons and antikaons are crossing at a sufficiently
fo w2 high density. At higher densities the energy of the kaon gets
oc( _ K _g) g"K%‘TN Mg . even lower than that of the antikaon. The difference between
9ok Mg/ My, the two parameter sets considered is not as important as the
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the properties of nuclei and nuclear bulk matter. In addition

800 — we have included the rather strong hyperon-hyperon interac-
— ?M/I} g?fss}]l;llll tion induced by additionahidden strange meson fields. The

wb - TM2: on-shell coupling constants of the hyperons have been fixed by
..... TM2, off-shell SU(6)-symmetry relations and hypernuclear properties. Pa-
—— GL85, on-shell rameter sets fitted to properties of nuclei with different forms

600l + == GL35, off-shell of the scalar self-interaction yield negative values for the

nucleon effective mass due to the abundant presence of hy-
perons at high densities. The vector self-interaction terms
and the additional meson exchanges together eliminate this
behavior. According to our calculations, the baryon effective
masses become small in neutron star matter at very high
densities p>6p,) and the abundances of different species
are determined by their spin-degeneracy factoes, isospin-
hypercharge saturated majtein all cases the hyperons get
into the game at quite low densities, aroui@d-3)p, in ac-
cordance with previous worK4d]. The composition is quite

200 similar for all parameter sets studied up tpy4 The effects
coming from the inclusion of a scalar isovector meson
a0(980) (in our notationss) have been discussed. The equa-
tion of state does not change significantly but all the baryons
have now different(nondegenerajeeffective masses. The
protons and electrons are getting slightly suppressed at lower
densities and the electrochemical potential decreases while
the3 ~’s occur at somewhat lower densities compared to the
model without thes-meson contribution.

FIG. 9. The effective energy of the kaon and the antikaon for The po_ss_ibility of antikaon condensatiprj has been_also
model 2 with & mesons using sets TM1, TM2, and GL85. The Studied within the framework of the relativistic mean-field
calculations with and without off-shell terms are shown. The elec-model with a meson exchange interaction scheme. Fixing the
trochemical potential is also plotted. Antikaon condensation doe¥ector coupling constants by $8 arguments, the in-
not occur over the whole density region considered. medium energy of the antikaon was calculated for different
choices of the&K ™ optical potential at normal nuclear density.
The presence of hyperons, especially the repulsive contribu-

inclusion of the off-shell terms. These terms shift noticeablytion from ¢ exchange and the decrease of the electrochemi-
the effective mass of the kaon to higher values. Accordinglycal potential, make the antikaon condensed phase less favor-
the in-medium energy of both kaons and antikaons is shifte@ble even at very high densities. For different parameter sets
up by at most 100 MeV. The minimum energy of the anti-we get different answers concerning the presence of antika-
kaon reaches about 270 MeV for the on-shell and 350 Me\ons in the dense interior of neutron stars. Nevertheless, we
for the off-shell case. Since the chemical potential nevefind no onset of antikaon condensation below6p, except
reaches values above 160 MeV heoe 200 MeV without  for the set fitted to bulk nuclear mattéBL85) with an anti-
L mesen antkaon condensaton does et Qo S1%iaon opical potental oL, = 200 MeV. Note tha te
i ; - maximum density of neutron star will set another limit for
bility of antikaon condensation for all parameter sets for he k d d oh hich h tbh tudied h
model 1 and model 2 and found that at least 100 MeV aré € kaon condensed phase which has not been studied here.

missing for the onset of condensation also for set GL85. For In a second approach we fix the coupling constants to the

the latter parameter set we see no crossing but a saturation @yailableKN-scattering data and take care of the off-shell
the effective antikaon energy around 230 MeV for the on-D€ehavior of theKN-scattering amplitude. Hence, this ap-

shell and 300 MeV for the off-shell case. The most uncertaifProach fulfills the low-density theorems for kaons. We have
term for the effective energy of the antik.aon is the one Com_ound that the effective energies of kaons and antikaons have

ing from the o* exchange. If one arbitrarily doubles the a more or less standard behavior at low densities, but at
coupling constant this would lead at maximum to an addi? = (3=4po they bend due to the cancellation of the contri-
tional attraction of about 70—80 MeV and still no antikaon butions from the different vector fields. For very high densi-

condensation is possible within our approach. ties (p>7po), when the contribution from thehidden
strange meson field exceeds the one coming from the

w-meson field, it is even possible that the effective energy of

the kaon becomes lower than that of the antikaon. Due to the

nonlinear density dependence of the effective energy, the an-
We have studied the equation of state of neutron star matikaon condensation does not occur in any of our parametri-

ter within the relativistic mean-field model including hyper- zations.

ons. We have used representative sets of parameters fixed by The extrapolation to hyperon-rich matter is associated

Kaon energy (MeV)

100

V. CONCLUSION AND OUTLOOK
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