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Recentexperimentsat KEK, BNL, andDAΦNE revealedvery interestingpeaksthat might be

interpretedasdeeplyboundkaonicnuclearsystems,which werepredictedby Akaishi andYa-

mazaki.If thosepeaksareindeeddeeplyboundkaonicnuclearstates,it impliesthattherealpart

of thekaonopticalpotentialis very large.We considerthis possibilityandtry to fix thecoupling

constantsfor strangequarkswithin the framework of a modifiedquark-mesoncouplingmodel.

We thenapply the modifiedquark-mesoncouplingmodelto the neutronstarmatterandobtain

the equationof stateandthe maximummassof a neutronstar. It is found that the equationof

state,compositionof matterandpropertiesof a neutronstararevery sensitive to the interaction

strengthof a kaonin matter. We find interestingcritical phenomenawhenthemagnitudeof the

realpartof thekaonopticalpotentialin matterat thesaturationdensitybecomesaslargeas140

MeV.
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1. Introduction

The interior of a neutronstaris believed to have greatdiversity. At nuclearmatterdensities
aroundthe saturationdensityρ0, the matteris composedof nucleons,electronsandmuons,and
it is mostly populatedby the neutronsto satisfy the β -equilibrium, charge neutrality and Pauli
blocking. At densitieshigher than ρ0, maybeat ρ � 2ρ0, the situationbecomesquite unclear.
Many possibilitieshavebeenproposed;creationof hyperons[1], pion[2] or kaon[3] condensation,
strangematter[4], quarkdeconfinement[5, 6, 7] andetc. It is, at present,very difficult to predict
what the interior of a neutronstarlooks like, but to someextentwe may formulatethedynamics
anddraw somepicturesby exploringvariouspropertiesof aneutronstar.

In this work, we considerthe possibility of hyperoncreationandkaoncondensationin the
neutronstarmatter. Themassesandenergiesof thehyperonsandkaonsin mediumaresensitive to
their interactionswith surroundingnucleons.In themeson-exchangepicture,meson-hyperonand
meson-kaoncouplingconstantsdeterminethestrengthof theseinteractions.Themeson-hyperon
coupling constantsmay be determinedfrom the binding energies of a hyperonin hypernuclei,
for instance.The meson-kaoncouplingconstantshave beenstudiedby using the kaon-nucleon
scatteringandkaonicatomdata. Somecalculations[8, 9, 10] show that the real part of the K � -
nucleusopticalpotentialUK � is shallow (UK ���	� 50 MeV), but someothercalculations[11, 12]
suggestthatUK � canbeaslargeasabout � 120MeV or evencloseto � 200MeV [13].

Recently, AkaishiandYamazakipredictedtheexistenceof deeplyboundkaonicnuclei[14], in
whichUK � atnormaldensityρ0 is estimatedto beabout� 120MeV. Observationsof thetribaryon
kaonicnuclei,S0 [15] andS
 [16] seemto indicatethatK � maybeevenmoredeeplyboundin a
nucleusthanthetheoreticalprediction[14]. A BNL experimentwith 16O� K �
� n � reaction[17] and
FINUDA collaborationat DAΦNE [18] alsoreporteddistinctpeaks.Theidentitiesof thesepeaks
needto bestudiedfurtherexperimentallyandtheoretically. However, in thiswork, weconsiderthe
possibilityof deepopticalpotentialof kaonsandapplysuchdeeppotentialsto neutronstarmatter
to studytheconsequencesin theequationof state(EoS)of densematterandneutronstarproperties.

We employ the modifiedquark-mesoncoupling(MQMC) model [19] for the descriptionof
densematter. Nucleonsandhyperonsin the baryonoctetaredescribedasMIT bags. The bag
constantBB andphenomenologicalconstantZB for baryonB aredeterminedto reproducethefree
massof eachbaryon.Couplingconstantsbetween(u, d)-quarksand(σ , ω , ρ)-mesonsareadjusted
to producethesaturationdensityρ0 � 0� 17fm � 3, bindingenergy pera nucleonEb � A � 16 MeV
andsymmetryenergy at thesaturationasym � 32� 5 MeV. Sincetheinteractionbetweenthes-quark
andmesonsarenotwell known, weadoptthestandardquarkcountingruleandassumethes-quark
is decoupledto (σ , ω , ρ)-mesons.To take into accountthe interactionsbetweens-quarks,we
introduceσ

� � f0 � 980��� andφ � 1020� mesonsfollowing Ref. [20]. Thecouplingconstantsbetween
thes-quarkand(σ

�
, φ )-mesonsarefixedby SU(6)symmetry. In this work we assumethekaonas

a point particle. This treatmentallows us to useUK � asan input to fix the kaon-mesoncoupling
constants.In ourmodeltherealpartof theopticalpotentialcanbewrittenasUK � � � � gσKσ � ρ0 ���
gωKω � ρ0 ��� , whereσ � ρ0 � andω � ρ0 � arethevaluesof themesonfieldsatρ0. By usingthevalueof
gωK givenby thequarkcountingrule,wecandeterminegσK for eachgivenvalueof UK � . Oncethe
parametersof themodelarefixed, thecompositionprofile of neutronstarmattercanbeobtained
from β -equilibrium and charge neutrality. Then EoS can be easily obtainedby computingthe
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energy densityandthepressure.TheEoSis insertedin theTolman-Oppenheimer-Volkoff equation
to give a mass-radiusrelationof a stableneutronstar. We find thatthecompositionof neutronstar
matterchangesdramaticallydependingonthevalueof UK � andthatthemaximummassandradius
of aneutronstaralsochangesizably.

2. Theory

2.1 Model

ThemodelLagrangiancomprisestheoctetbaryon,leptonandkaonterms: � tot � � B ��� l �
� K . Octetbaryonandleptontermsin themeanfield approximationcanbewrittenas

� B ��� l � ∑
B

ψ̄B iγ � ∂ � m
�
B � σ � σ

� � � γ0 gωBω0 � gφBφ0 � 1
2

gρBτzρ03 ψB

� 1
2 � m2

σ σ2 � m2
σ � σ

� 2 � m2
ωω2

0 � m2
φ φ2

0 � m2
ρρ2

03 � ∑
l

ψ̄l � iγ � ∂ � ml � ψl � (2.1)

whereB denotesthe sumover all the baryonoctet(p � n � Λ � Σ 
 � Σ0 � Σ � � Ξ0 � Ξ � ), and l stands
for the sum over the free electronsand muons(e � , µ � ). σ , ω and ρ mesonsaccountfor the
interactionsbetweenthenon-strangelight quarks(u andd). σ

�
andφ mesonsmediateinteractions

betweens quarks.
In theMQMC model,theeffectivemassof abaryonmB � σ � σ � � canbewrittenas[20, 21]

m
�
B � E2

B � ∑
q

xq

R

2 � (2.2)

Thebagenergy of abaryonis givenby

EB � ∑
q

Ωq

R � ZB

R
� 4

3
π R3 BB � (2.3)

whereBB andZB arethebagconstantanda phenomenologicalconstantfor thezero-pointmotion

of a baryonB, respectively. Ωq � x2
q ��� Rm

�
q � 2, wherem

�
q � � mq � gq

σ σ � gq
σ � σ

� � is theeffective
massof aquarkwhosefreemassis mq. We take mq � 0 for q � u � d andmq � 150MeV for q � s.
xq is determinedfrom theboundaryconditionon thebagsurfacer � R,

j0 � xq � � βq j1 � xq � � (2.4)

whereβq � Ωq � Rm�q
Ωq 
 Rm�q � In theMQMC model,thebagconstantBB is assumedto dependondensity.

In thiswork, weextendtheform usedin [19] to includethecontribution from σ
�

as

BB � σ � σ � � � BB0exp � 4g� Bσ ∑
q � u � d

nqσ ��� 3 � ∑
q � u � d

nq ��� 2σ
� � mB � (2.5)

wheremB is the baremassof the baryonB. Note that the exponenton the right handside of
Eq. (2.5) shows thatσ mesoncouplesonly to u andd quarks,andσ

�
mesononly to s quark.The

factor � 2 in front of σ
�

is introduceddueto SU(6)symmetry.
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gq
σ gq

ω g� Bσ gq
ρ m

�
N � mN K (MeV)

1.0 2.71 2.27 7.89 0.78 285.5

Table 1: Thecouplingconstantsfor � u � d  -quarksand � σ � ω � ρ  -mesonsin theMQMC modelto reproduce
thebindingenergy Eb ! A " 16 MeV at thesaturationdensity0.17fm # 3 andsymmetryenergy asym " 32$ 5
MeV. m %N ! mN andK aretheeffectivemassratioto thefreemassof thenucleonandthecompressionmodulus
at thesaturationdensity, respectively.

TheeffectiveLagrangianfor thekaoncanbeexpressedas[22]

� K � D
�
µK
�
DµK � m

�
K

2K
�
K � (2.6)

whereDµ � ∂µ � igωKωµ � igφKφµ � i1
2gρK &τ � &ρµ � and the effective massof a kaon as a point

particleis givenby
m
�
K � mK � gσKσ � gσ � Kσ

� � (2.7)

Theequationof motionfor akaonis obtainedas
'
DµDµ � m

�
K

2( K � x � � 0� (2.8)

In uniform infinite matter, the kaonfield K � x � canbe written asa planewave. Substitutingthe
planewavesolutioninto theequationof motion,weobtainthedispersionrelationfor theanti-kaon

ωK � m
�
K � gωKω0 � gφKφ0 � gρKI3Kρ03 � (2.9)

whereI3K is theisospinthird componentof theanti-kaon.(In this work it is theanti-kaonK � that
playsanimportantrole,but weshallreferto bothkaonsandanti-kaonsjustaskaonsfor brevity.)

2.2 Model parameters

MIT bag parametersBB and ZB are determinedto reproducethe free massof a baryonB,
m
�
B ρ � 0 � mB � at a given bag radius,which we chooseas R0 � 0� 6 fm, with the minimization

condition ∂mB
∂R R � R0

� 0�
Threeconditionsρ0, Eb � A, andasym could determinethreequark-mesoncouplingconstants

gu � d
σ , gu � d

ω andgu � d
ρ , assumingu andd quarksareidenticalparticlesin an isodoublet.But asseen

in Eq. (2.5), useof the MQMC model introducesan additionalconstantg� Bσ , andthusfour cou-
pling constantscannotbedetermineduniquely. Thuswefix gq

σ � 1, andadjusttheremainingthree
constantsto satisfy the threeconditions. The obtainedcouplingconstantsaregiven in Table1,
wheretheresultingmassratio of thenucleon,m

�
N � mN , andthecompressionmodulusK at thesat-

urationdensityarealsogiven. TheMQMC modelproducesm
�
N andK within reasonableranges;

m
�
N � � 0� 7 ) 0� 8� mN andK � � 200 ) 300� MeV. The couplingconstantsbetweens-quarksand

mesonscannotbe determinedfrom the conditionsat the saturationdensity. In principle, experi-
mentaldatafrom hypernuclei,kaon-nucleusscatteringandkaonicatomcouldbeusedto determine
meson-hyperoncoupling constants. However, at presentthesecoupling constantsare not well
known, andfor simplicity we assumethatthes quarkdoesnot interactwith u andd quarks.Then
wehave

gs
σ � gs

ω � gs
ρ � 0� (2.10)
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*
UK � * (MeV) 80 100 120 140 160

gσK 1.25 2.01 2.75 3.50 4.25

Table 2: gσK determinedfor severalUK � values.

For themeson-baryoncouplingconstants,we usethequarkcountingrule,which givesusthe
relations

gq
ω � 1

3
gωN � 1

2
gωΛ � 1

2
gωΣ � gωΞ �

gq
ρ � gρN � gρΣ � gρΞ � gρΛ � 0�

gs
φ � gφΛ � gφΣ � 1

2
gφΞ � (2.11)

wheregs
φ � � 2gu � d

ω from theSU(6)symmetry. With thequark-mesoncouplingconstantsgivenin
Table1 andEq.(2.10), themeson-baryoncouplingsarecompletelydeterminedthroughEq.(2.11).

For the meson-kaoncoupling constants,gωK and gρK may be fixed by the quark counting
rule; gωK � gq

ω and gρK � gq
ρ . Also, gσ � K and gφK can be determinedfrom SU(6) symmetry;

gσ � K � � 2gσK andgφK � � 2gωK . Thentheremainingcouplingconstant,gσK , canberelatedto
therealpartof theopticalpotentialof a kaonat thesaturationdensity;UK � � � � gσKσ � gωKω0 � .
gσK valuesthusdeterminedaresummarizedfor severalUK � valuesin Table2.

2.3 EoS of neutron star matter

To obtaintheEoS,we needto determinethefollowing 16 variablesat eachdensity:5 meson
fields(σ � ω � ρ � σ � � φ ), 8 octetbaryondensities,2 leptondensitiesandthekaondensityρK . 5 meson
fieldscanbedeterminedfrom their equationsof motion:

m2
σ σ � ∑

B

gσBCB � σ � 2JB � 1
2π2

kB

0

m
�
B'

k2 � m
�
B

2( 1+ 2 k2dk � gσKρK � (2.12)

m2
σ � σ

� � ∑
B

gσ � BCB � σ � � 2JB � 1
2π2

kB

0

m
�
B'

k2 � m
�
B

2( 1+ 2k2dk � gσ � KρK � (2.13)

m2
ωω0 � ∑

B

gωB � 2JB � 1� k3
B � � 6π2 � � gωKρK � (2.14)

m2
φ φ0 � ∑

B

gφB � 2JB � 1� k3
B � � 6π2 �,� gφKρK � (2.15)

m2
ρρ03 � ∑

B

gρBI3B � 2JB � 1� k3
B � � 6π2 � � gρKI3KρK � (2.16)

whereJB andI3B arethespinandtheisospinprojection,respectively, andkB is theFermimomen-
tum of thebaryonspeciesB. In Eqs.(2.12) and(2.13), thefactorsCB � σ � andCB � σ � � areobtained
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by theconditionsgσBCB � σ � � � ∂m�B
∂σ andgσ � BCB � σ � � � � ∂m�B

∂σ � � β -equilibriumof thebaryonsgives
us7 relations

µn � µΛ � µΣ0 � µΞ0 �
µn � µe � µΣ� � µΞ� �
µn � µe � µp � µΣ- � (2.17)

wherethechemicalpotentialof abaryonB is givenby µB � k2
B � m

�
B

2 � σ � σ � �.� gωBω0 � gφBφ0 �
gρBI3Bρ03 � Weassumeleptonsdonotinteract,andthusthechemicalpotentialof aleptonl is simply

writtenasµl � k2
l � m2

l � Theleptonicequilibration

µe � µµ (2.18)

determinesthedensityof muons.As densityincreases,Fermimomentumof theelectronincreases,
andatadensitywherethecondition

ωK � µe (2.19)

is met,kaonsbecomecondensed.Finally, chargeneutralityis expressedas

∑
B

qBρB � ρK � ρe � ρµ � 0� (2.20)

where qB is the charge of baryonspeciesB and ρB is the numberdensityof B. Solving the
Eqs. (2.12–2.20) self-consistentlyand simultaneouslytogetherwith the quark eigenvalue equa-
tion Eq.(2.4), onecandeterminethe16variablesuniquely. Oncethese16quantitiesarefixed,it is
straightforwardto computetheEoSby usingtheenergy density

ε � 1
2

m2
σ σ2 � 1

2
m2

σ � σ
� 2 � 1

2
m2

ωω2
0 � 1

2
m2

φ φ2
0 � 1

2
m2

ρρ2
03

� ∑
B

2JB � 1
2π2

kB

0

'
k2 � m

�
B

2( 1+ 2k2dk � ∑
l

1
π2

kl

0

'
k2 � m2

l
( 1+ 2k2dk

� m
�
KρK � (2.21)

andthepressure

P � � 1
2

m2
σ σ2 � 1

2
m2

σ � σ
� 2 � 1

2
m2

ωω2
0 � 1

2
m2

φ φ2
0 � 1

2
m2

ρρ2
03

� 1
3 ∑

B

2JB � 1
2π2

kB

0

k4dk'
k2 � m

�
B

2( 1+ 2 �
1
3 ∑

l

1
π2

kl

0

k4dk'
k2 � m2

l
( 1+ 2 � (2.22)

Notethatthereis nocontributionto thepressurecomingfrom kaonsbecausekaonmomentum
is setto zero.

3. Results

3.1 Composition of neutron star matter

Fig. 1 shows the compositionprofile of the neutronstarmatterfor variousUK � values. For
a larger

*
UK � * value,kaonsappearat lower densities.This behavior canbe easilyunderstoodby
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Figure 1: Compositionsof neutronstarmatterwith octetbaryons,electrons,muonsandkaons.

noting thatwith a larger
*
UK � * , gσK becomeslarger, andasa resultm

�
K becomessmaller. With a

smallerm
�
K , the chemicalequilibrium conditionEq. (2.19) that determineskaoncondensationis

fulfilled at a lower density, andthis leadsto anearlieronsetof kaoncondensation.For
*
UK � * � 80

MeV, the kaonstartsto appearat ρ ) 4ρ0. SincegσK � � 1� 25� is relatively small, the effective
massof the kaon decreasesslowly, and the creationof kaonsis suppressedby the hyperonsat
higherdensities.Thepopulationof thehyperonsis slightly affectedby thepresenceof thekaon,
but the overall compositionprofile is in generalthe sameas that without kaons. However, for*
UK � * � 100 MeV, the populationof the hyperons,especiallythe numberof negatively charged
particles,is stronglyaffectedby thepresenceof kaons.With a larger

*
UK � * , theeffective massof

thekaondropsrapidly, andthusthekaonis favoredmorethanthehyperonsasanegatively charged
particlewith strangeness.NotethatthedensitieswhereΣ � andΛ arecreatedremainthesamefor
differentvaluesof UK � aslongastheonsetof thekaoncondensationoccurslaterthanthehyperon
creation.However, as

*
UK � * getslarger thana critical valuearound140 MeV, at which the kaon

condensationappearsprior to hyperoncreation,the compositionbecomesdramaticallydifferent
from theonewithout kaons.For instance,asshown in Fig. 1 for

*
UK � * � 160MeV thenegative

chargesarepredominatlycarriedby thekaons,whichsuppressesthecreationandpopulationof the
hyperons.Whenhyperonpopulationbecomeslow, mostof thepositive chargesarecarriedby the
protons.

Let uscompareour resultswith thosein the literature.Thepropertiesof thekaonin nuclear
matter[23] andtheneutronstarwith kaoncondensation[24] areinvestigatedwith theQMC (not
theMQMC modelwe areusing). In thesecalculations,a kaonis treatedasanMIT bag,andthe
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*
UK � * (MeV) 80 100 120 140 160

ρc � ρ0 (MQMC) 4.1 3.0 2.4 2.1 1.9

ρc � ρ0 (without σ
�

andφ ) 3.8 3.0 2.4 2.1 1.9

Table 3: Onsetdensitiesof the kaoncondensationρc in the MQMC modelsfor variousUK � values.The
third row shows theonsetdensitieswithout includingtheσ % andφ mesonsin thecalculation.

kaon-σ , -ω and-ρ mesoncouplingconstantsaredeterminedby thequarkcounting.In Ref.[23], it
is discussedthattherepulsiondueto non-zeroρ mesonfield in theasymmetricmattermakeskaon
condensationlesslikely to occur. In Ref. [24], kaoncondensationwith hyperonsis explicitly taken
into accountin theneutronstarmatterandis shown to occurat around4ρ0. In Ref. [25], we have
shown thatthekaon-mesoncouplingconstantfrom thequarkcountingrulegivesusthesameeffec-
tive massof thekaonaswhatwe cangetby usingUK � � � 100MeV. Our resultfor UK � � � 100
MeV from theMQMC modelandFig. 5 of [24] from theQMC modelcanbedirectly compared
with eachother. Ref. [24] shows kaonscondenseat densitieshigherthanthedensitieswherehy-
peronsarecreated,but soonafter thecreationof kaons,thenumberof Σ � quickly decreasesand
the populationof kaonsexceedthat of hyperons.On the contrary, our resultswith UK � � � 100
MeV showsco-existenceof theoctetbaryonstogetherwith kaonsevenat ρ ) 10ρ0.

To exploretheeffectof σ
�

andφ , wehavecalculatedtheonsetdensityρc of kaoncondensation
withoutσ

�
andφ , andtheresultsaregivenin thethird row of Table3. Onecanseethatwhetheror

not we includeσ
�

andφ mesonsdoesnot make a significantdifferencein thecondensationonset
density. Sincehyperonsarethesourcesof thesemesonfields (seeEqs.(2.13) and(2.15)), at the
densitieswherethepopulationof thehyperonsis not large themagnitudesof σ

�
andφ fieldsare

quitesmallcomparedto thoseof σ andω mesons.Moreover, evenwhenthemagnitudesof σ
�

and
φ becomerelatively large at higherdensities,the contribution from σ

�
to the energy of the kaon

ωK hasa signoppositeto that from φ . Therefore,theeffectsof σ
�

andφ to theonsetof thekaon
condensationcanceloutandbecomeinsignificant.It is worthwhileto notethatif thekaonsappear
prior to thehyperons,σ

�
andφ mesonsplayno role to ρc sinceσ

�
- andφ -fieldsbecomenon-zero

only afterthekaondensityρK becomesfinite.

Wehavealsoinvestigatedtheeffectof thecouplingconstantsgσ � K andgφK . Theresultsshown
in Table3 areobtainedby useof thecontantsdeterminedby SU(6)symmetry, but gσ � K canalsobe
fixed from f0 � 980� decay[26], andgφK canbedeterminedfrom theSU(6) relationtogetherwith
thevalueof gπρ asgivenby � 2gφK � gπρ . gσ � K andgφK thusfixedare2.65and4.27,respectively.
Wehaveusedthesenew σ

�
- andφ -K couplingconstantsto calculatetheonsetdensityof thekaon.

The ratiosρc � ρ0 turn out to be 3.9, 3.0, 2.4, 2.1 and1.9 for
*
UK � * � 80, 100,120,140 and160

MeV, respectively. Thoughdifferentvaluesof gσ � K andgφK areused,the newly obtainedratios
ρc � ρ0 arequitesimilar to the resultspresentedin Table3. It is again partly becausethe σ

�
- and

φ -field valuesaresmallandpartly becauseσ
�

andφ termscanceleachotherin theenergy of the
kaon.

3.2 EoS and neutron star bulk properties

TheEoSfor neutronstarmatterwith octetbaryonsandkaonsareplottedin Fig. 2 for various
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Figure 2: TheEoSof neutronstarmatterwith only neutronsandprotons(dots)andwith includinghyperons
andkaoncondensationfor variousUK � values.
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Figure 3: Mass-radiusrelationof theneutronstarwith octetbaryonsandkaons.Massis in unitsof thesolar
mass.

valuesof UK � . TheEoSobtainedby includingonly neutronsandprotons(plottedby thedots)is
aboveall theotherEoScurveswith includinghyperonsandkaons.Whenhyperonsareincludedin
thecalculation,theEoSgetssoftenedandbecomesessentiallythesameastheEoSfor UK � � � 80
MeV, sois notplottedin thefigure.ThisalsoindicatesthatwhenUK � � � 80MeV thecomposition
of the matteris seldomaffectedby the kaoncondensation.When

*
UK � * becomeslarger, the for-

mationof thekaoncondensationsoftensfurthertheEoS.Whenthekaoncondensationtakesplace,
oneshouldtake into accountthe phasetransitionfrom baryonicmatterto mixed phase.Neutron
starmatterhastwo conserved charges;baryonnumberandelectriccharge. It wasdiscussedin
Ref. [22] thattheGibbsconditionshave to beimplementedfor thedescriptionof themixedphase
in neutronstarmatter. For thesake of simplicity, however, we employ theMaxwell construction
for themixedphasein this work. Thoughnot fully consistent,Maxwell constructioncanprovide
reasonableresults.Flat portionsof thecurvesin Fig. 2 for

*
UK � * � 140and160MeV correspond

to themixedstateswith aconstantpressure.
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*
UK � * (MeV) 80 100 120 140 160

Mmax� M1 1.64 1.60 1.55 1.52 1.51

Rmax (km) 11.7 11.3 10.3 9.6 9.1

ρcen� ρ0 5.8 6.5 8.3 9.6 10.3

Table 4: Maximummassin unitsof thesolarmassandthecorrespondingradiusandcentraldensityρcen of
aneutronstar. Smallermaximummassfavorskaonsthanhyperonsasstrangeparticles.

Bulk propertiesof theneutronstarareobtainedby solvingtheTolman-Oppenheimer-Volkoff
equationwith the above EoS.Resultingmass-radiusrelationsof the neutronstar are shown in
Fig. 3. Themaximummass,correspondingradius,andthecentraldensityof a stableneutronstar
for eachEoSaregivenin Table4. Themass-radiuscurve without kaonsis almostthesameasthe
curve for UK � � � 80 MeV asexpectedfrom thesimilarity of theEoSin thetwo casesandis not
shown in thefigure.As

*
UK � * increases,themaximummassdecreasesmonotonically. When

*
UK � *

is largerthan120MeV, themaximummasschangesslowly with
*
UK � * , but thetwo extremecases*

UK � * � 80and160MeV show asizabledifference( ) 8%).
Let uscompareour resultswith thosein the literature.Themaximummassof a neutronstar

obtainedfrom theQMC model[24] differsverymuchfrom whatwehavewith theMQMC model.
The QMC modelwithout including kaonshasthe maximummass1� 98M1 which is about20 %
larger thanthemaximummass1� 64M1 from our MQMC modelfor UK � � � 80 MeV. (Note that
theEoSfor UK � � � 80MeV is almostthesameasthatwithoutkaons.)Whenkaonsareincluded,
our resultsfrom eitherUK � � � 100or � 120MeV canbecomparedto thoseof theQMC model
[24] becausetheseUK � valuesarein the rangeof UK � obtainedby theQMC model(seeTable1
of Ref. [24]). When � 120 2 UK � 2 � 100MeV, theMQMC modelgivesus themaximummass
of � 1� 55 ) 1� 60� M1 , but theQMC modelproduces1� 94M1 for UK � � � 123MeV. Theroleof the
kaoncondensationis, however, similar in bothmodels.Kaoncondensationmakesthemaximum
masssmallerthanwithout it. Wecanalsocomparetheresultof theMQMC modelatUK � � � 160
MeV to thatobtainedfrom thequantumhadrodynamics(QHD) modelwith thesamevalueof UK �
[27]. The maximummassfrom the QHD calculationis 1� 65M1 with the radius10.8km, while
the MQMC model gives us 1� 51M1 with the radius9.1 km. It shouldbe noted,however, that
in Ref. [27] the parametersarefitted to saturationconditionssomewhat different from what we
employ, andtheGibbsconditionsareusedfor thedescriptionof themixedphase.In Ref. [28], a
thoroughinvestigationwasmadeof thedependenceof theEoSon theconditionsat thesaturation
densityandthe hyperon-mesoncouplingconstants.It wasshown that the resultwassensitive to
thechoiceof thesaturationproperties.Therefore,comparisonsof theresultsfrom differentmodels
requirecarefulattentionto theinputparametersandassumptionsof themodels.

4. Conclusion

Using the modifiedquark-mesoncouplingmodel,we have obtainedthe compositionprofile
of neutronstarmatter, themaximummassandtheradiusof theneutronstar, focusingon therole
of the strangeparticlessuchashyperonsandkaons. Motivatedby recenttheoreticalpredictions
of deeplyboundkaonicstates[14] andthesubsequentobservationsof interestingpeaksfound in
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KEK, BNL andDAΦNE experiments,specialattentionis paid to theeffect of largekaonoptical
potentialUK � on theneutronstarmatter. By varying thevalueof UK � , we have investigatedhow
the onsetdensityof the kaon condensation,the compositionof the stellar matter, and the bulk
propertiesof theneutronstarchange.

Theonsetdensityof thekaoncondensationandthemattercompositionarefoundto besensi-
tive to thevalueof UK � . For

*
UK � * � 80MeV, kaonsareproducedat ρ ) 4ρ0, but theirpopulation

doesnot build up dueto the creationof hyperons. With
*
UK � * � 100 MeV, the onsetdensityis

lowereddown to 3ρ0, andat the densitiesaround4 2 ρ � ρ0 2 8, K � is the mostdominantnega-
tively chargedparticlein matter. However, strangenessis still mostlycarriedby Λ hyperons.With*
UK � * � 120MeV, kaonsappearat densitiescloseto thosewherethehyperonsarecreated.Nega-
tivechargesaredominantlycarriedby kaons,andstrangenessis sharedby kaonsandΛ. For

*
UK � *

largerthan120MeV, kaoncondensationtakesplaceat around2ρ0, andbothnegative chargesand
strangenessaredominantlycarriedby K � . The modeldependenceof the onsetdensityandthe
compositionis discussedby comparingour resultswith otherresultsin theliterature.TheMQMC
modelproducesdifferentresultsfrom theQMC modelin boththeonsetdensityandthepopulation
of particles.Thekaoncondensationonsetdensitydependslittle onthecouplingconstantsgσ � K and
gφK .

Inclusionof hyperonsandkaonsmakestheEoSsofterthanthatwith only nucleons.It shows
thatthestrangeparticlesplay therole of makingtheneutronstarmorecompactwith smallermass
andsmallerradius.Changesin UK � producesizableeffectson themaximummassof theneutron
star. With

*
UK � * � 160MeV, themaximummassis 1� 51M1 in theMQMC model,which is about

8% smallerthanthatwithout kaoncondensation.However, dependenceof thekaoncondensation
on the parametersrelatedto saturationpropertiesandmeson-baryoncouplingconstantsrequires
furtherstudies.Theeffect of theseinput parameterstogetherwith UK � valueswill beexploredin
futureworks.
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