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KAON CONDENSATION IN NEUTRON STARSAND HIGH DENSITY BEHAVIOUR OFNUCLEAR SYMMETRY ENERGY �S. Kubisa and M. Kutsheraa;baH. Niewodniza«ski Institute of Nulear PhysisRadzikowskiego 152, 31-342 Kraków, PolandbInstitute of Physis, Jagiellonian UniversityReymonta 4, 30-059 Kraków, Poland(Reeived Marh 30, 1999)We study the in�uene of a high density behaviour of the nulear sym-metry energy on a kaon ondensation in neutron stars. We �nd thatthe symmetry energy typial for several realisti nulear potentials, whihdereases at high densities, inhibits kaon ondensation for weaker kaon�nuleon ouplings at any density. There exists a threshold oupling abovewhih the kaon ondensate forms at densities exeeding some ritial value.This is in ontrast to the ase of rising symmetry energy, as e.g. for rel-ativisti mean �eld models, when the kaon ondensate an form for anyoupling at a su�iently high density. Properties of the ondensate arealso di�erent in both ases.PACS numbers: 21.65.+f, 97.60.Jd1. IntrodutionThe possibility that a harged kaon ondensate is present in the groundstate of dense baryon matter has been suggested by Kaplan and Nelson[1℄. The presene of a kaon ondensate would strongly a�et astrophysiallyimportant properties of dense matter in neutron stars [2℄. For example,the proton abundane of neutron star matter ould inrease, exeeding thediret URCA threshold. This would strongly aelerate ooling of neutronstars. Also, the formation of metastable neutron stars ould be allowed, asthe equation of state of hot matter with trapped neutrinos would sti�en,supporting larger maximum mass than the old one [2℄. Metastable neutronstars with masses exeeding the maximum mass for the old equation of� This researh is partially supported by the Polish State Committee for Sienti�Researh (KBN), grants 2 P03B 131 13 and 2 P03D 001 09.(2747)



2748 S. Kubis, M. Kutsherastate would ollapse to blak holes after the neutron star matter beomestransparent to neutrinos.The formation of a kaon ondensate is expeted beause of the preseneof strongly attrative interations between kaons and nuleons, mainly fromthe so-alled sigma term, �KN . These interations lower the kaon e�etivemass at higher densities leading to the ondensation of kaons above a ritialdensity, nkaon, whih is estimated in Ref. [1℄ to be � 3n0, where n0 = 0:16fm�3 is the nulear saturation density.To study the possibility of a kaon ondensation in neutron stars oneshould aount for the �-equilibrium of the neutron star matter whih re-quires that kaon and eletron hemial potentials are equal, �K� = �e,where the eletron hemial potential is given by a di�erene of proton andneutron hemial potentials, �e = �P � �N . This formula shows that alsonuleon�nuleon interations, whih determine both �P and �N , are of ru-ial importane for the existene of a kaon ondensation in neutron stars.Thorsson, Prakash and Lattimer [3℄ have studied the role of nulear inter-ations in a kaon-ondensed neutron star matter using simple parametriza-tions of nulear fores. However, parametrizations used in Ref. [3℄ are rathersimilar as far as the orresponding nulear symmetry energy, Esym(nB), isonerned. For all models in Ref. [3℄, Esym(nB) monotonially inreaseswith inreasing baryon density nB. This behaviour at high densities di�ersonsiderably from that orresponding to several realisti phenomenologialinterations, suh as e.g. UV14 + TNI [4℄, or AV14 + UVII [4℄, for whihthe symmetry energy atually saturates and then dereases at high densities.In our paper we study onsequenes of this kind of behaviour of the nulearsymmetry energy for the formation of a kaon ondensate in neutron stars.The eletron hemial potential, �e, and the proton abundane in theneutron star matter are very sensitive to the nulear symmetry energy athigh densities [5℄. Thus, also the ritial density for kaon ondensation,nkaon, depends on Esym(nB). The latter quantity is subjet to large uner-tainties at higher densities [5℄. As indiated above, di�erent models whih �tthe saturation properties of nulear matter give rather inompatible predi-tions of the symmetry energy at high densities. We �nd that this unertaintya�ets strongly the ritial density of the kaon ondensation. In partiular,for the symmetry energy whih dereases at high densities, as e.g. for theUV14 + TNI interations, the kaon ondensation is inhibited, at least forweaker kaon�nuleon ouplings. This is in ontrast to the ase of monoton-ially inreasing symmetry energy when the kaon ondensate an form forany value of the kaon�nuleon oupling at a su�iently high density.In the next setion we desribe the model of the kaon ondensate whihinludes realisti nuleon�nuleon interations. In Set. 3 we disuss the highdensity behaviour of the nulear symmetry energy. Main results onerning



Kaon Condensation in Neutron Stars : : : 2749the dependene of the ondensate properties on the symmetry energy arepresented in Set. 4.2. The kaon ondensate in neutron starsThe Kaplan and Nelson model [1℄ of the kaon ondensate employs anSU(3)�SU(3) hiral Lagrangian, obtained in the hiral perturbation the-ory, whih involves otets of pseudosalar mesons and baryons. Brown,Kubodera and Rho [6℄ have shown that interations leading to the kaonondensation in the Kaplan and Nelson model are dominated by the s-wavekaon�nuleon oupling. Contributions due to remaining interations are lessimportant and we neglet them here.When only the s-wave kaon�nuleon interations are relevant, the kaonondensate is spatially uniform and its time dependene is hK�i =vK exp(�i�K�t) [7℄, where vK is the amplitude of the mean K�-�eld. Forsuh a ondensate the e�etive Kaplan�Nelson Lagrangian in the setor in-luding only nuleons and kaons, that is relevant to the neutron star matter,reads [3℄:LKN = f22 �2 sin2 ��2m2Kf2 sin2 �2+nyn�� sin2 �2�(2a2+4a3)ms sin2 �2�+pyp�2� sin2 �2 � (2a1 + 2a2 + 4a3)ms sin2 �2�+ LN : (1)Here � � �K� is the kaon hemial potential, � = p2vK=f is the �hiralangle�, where f = 93 MeV is the pion deay onstant, and LN is the freenuleon Lagrangian. The parameters, a1, a2, and a3 are oe�ients of theinteration terms in the original Kaplan�Nelson Lagrangian whih providesplitting of the masses in the baryon otet [1℄, and ms is the strange quarkmass.The e�etive Lagrangian (1) ontains three e�etive kaon�nuleon ou-pling parameters, a1ms, a2ms, and a3ms (our notation follows that ofRef. [3℄). The �rst two are determined by �tting the strange baryon masses[3℄. In the following we adopt the values a1ms = �67 MeV and a2ms = 134MeV from Ref. [3℄. The third parameter, a3ms, is related to the kaon�nuleon sigma term, �KN = �12(a1 + 2a2 + 4a3)ms ; (2)whih is poorly known and thus the value of a3ms is subjet to a onsiderableunertainty. We use here values in the range �134 MeV > a3ms > �310MeV whih orrespond to the sigma term in the range 170 MeV < �KN <520 MeV [3℄.



2750 S. Kubis, M. KutsheraThe Lagrangian (1) desribes only the kaon�nuleon interations in theondensate. To aount for nuleon�nuleon interations, whih are ruialin a dense nuleon matter in neutron stars, we use realisti models of thenuleon matter [4℄. The energy density of the neutron star matter with thekaon ondensate is omposed of three ontributions,"ns = "KN + "N + "lep ; (3)where "KN is the energy of the kaon ondensate desribed by the Lagrangian(1), "N inludes both the nuleon�nuleon interation ontribution and thenuleon Fermi energy, and "lep is the eletron and muon ontribution.The energy per partile, "N=nB , obtained in variational many-bodyalulations with realisti nuleon�nuleon interations, an be written asa funtion of the baryon number density, nB, and the proton fration,x = nP =nB, in the form [8℄E(nB ; x) = TF (nB ; x) + V0(nB) + (1� 2x)2V2(nB) ; (4)where TF (nB; x) is the Fermi-gas energy, and V0(nB) and V2(nB) are theinteration energy ontributions.The energy density of the neutron star matter with the kaon ondensateinluding nuleon�nuleon interations reads"ns(nB; x; �; �) = TF (nB ; x)nB + nBV0(nB)+nB(1� 2x)2V2(nB) + 2m2Kf2 sin2 �2 + f �22 sin2 �+(2a1msx+ 2a2ms + 4a3ms)nB sin2 �2 + "e + "� ; (5)where the eletron Fermi sea ontribution is"e = �44�2 : (6)Muons are present only when the eletron hemial potential, �, exeeds themuon rest mass, � > m�. The energy density of the muon Fermi sea is"� = m4�f �pF�m�� ; (7)with f(y) = 18�2 ((y + 2y3)p1 + y2 � arsinh y) : (8)The above formulae allow us to determine the ritial density of kaonondensation and to study properties of the neutron star matter with a



Kaon Condensation in Neutron Stars : : : 2751developed kaon ondensate. We obtain the ground state parameters, theproton fration, x, the kaon hemial potential, �, the kaon ondensateamplitude, �, and the energy density, "ns, as funtions of the baryon numberdensity, nB, by optimization of the thermodynamial potential ~" = "ns ��(n�K + ne + n� � nP ) whih reads~"(nB; x; �; �) = TF (nB; x)nB + nBV0(nB) + nB(1� 2x)2V2(nB)�f2�22 sin2 � + 2m2Kf2 sin2 �2 + �nBx� �nB(1 + x) sin2 �2+(2a1msx+ 2a2ms + 4a3ms)nB sin2 �2 + ~"e + ~"� : (9)This thermodynamial potential is related to the (Landau and Lifshitz) po-tential, 
=V = " � ��ini = ~" � �NnB , where �N is the neutron hemialpotential.The ritial density, nkaon, is de�ned as a density at whih the ondensateamplitude starts to deviate from zero. Our proedure provides the hiralangle of the ondensate as a funtion of density, �(nB). The value of nkaonis thus found from the ondition �(nkaon) = 0.3. The nulear symmetry energy at high densitiesThe nuleon�nuleon interation energy is parametrized in Eq. (4) interms of the isosalar and isovetor ontributions, V0(nB) and V2(nB). Asone an notie, at a given baryon density, nB, the interation energy densityorresponding to the isosalar part, nBV0(nB) in Eq. (9), is onstant andthus it does not play any role in the optimization of the potential ~" whihdetermines the kaon ondensate parameters. It is the isovetor ontribution,V2(nB), whih is ruial for the onset of the ondensation. This omponentis diretly related to the nulear symmetry energy whih expressed in termsof V2(nB) reads Esym(nB) = 59TF �nB; 12�+ V2(nB) : (10)As we already mentioned, the high density behaviour of Esym(nB) is notwell known at present. Di�erent model alulations give inompatible ex-trapolations away from the empirially determined value at n0, Esym(n0) =31 � 4 MeV [9℄. In some approahes [5℄, Esym(nB) is a monotonially in-reasing funtion of the baryon number density, whereas other models [5℄predit Esym(nB) to saturate and then derease at high densities. Physi-ally, in the former ase the energy of pure neutron matter is always higherthan the energy of symmetri nulear matter, while in the latter one pureneutron matter beomes eventually the ground state of dense baryon matter.



2752 S. Kubis, M. KutsheraThis di�erene has profound onsequenes for neutron star matter. Here westudy how it in�uenes the onset of the kaon ondensation.
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Fig. 1. The nulear symmetry energy as a funtion of density for indiated modelsof nulear interations. The urve E1 orresponds to a linear parametrization ofRef. [3℄.In Fig. 1 we show the symmetry energy orresponding to three di�erentmodels of nuleon matter whih we use in our alulations. The urve la-belled E1 orresponds to a linear parametrization used in Ref. [3℄. It �ts theempirial value, Esym(n0), and then extrapolates linearly to higher densities.Suh a linear dependene of the symmetry energy on density is typial forrelativisti mean �eld models of nuleon matter [5℄. Other urves in Fig. 1show the symmetry energy from Ref. [4℄ obtained in variational many-bodyalulations with realisti two-body nuleon�nuleon potentials and three-body interations. The urves labelled UV14 + TNI and AV14 + UVIIorrespond to the Urbana v14 two-body potential with the TNI three-bodyterm [4℄ and the Argonne v14 potential with the UVII three-body interation[4℄, respetively. As one an notie, realisti models predit that the sym-metry energy saturates and then dereases with inreasing baryon density.This behaviour is markedly di�erent from that of the urve E1.4. The ritial density and properties of the kaon-ondensedneutron star matterIn this setion we present results for three models of the nulear sym-metry energy shown in Fig. 1. Partiularly interesting is the orrespondingritial density, nkaon. To best illustrate the in�uene of the symmetry en-ergy on nkaon we use a di�erent de�nition of the ritial density whih states



Kaon Condensation in Neutron Stars : : : 2753that nkaon is the lowest density for whih the energy of the lowest state ofK� in the neutron star matter, !�, beomes equal to the eletron hemialpotential, !� = � : (11)At higher densities, n > nkaon, kaons form a Bose�Einstein ondensate of�nite amplitude. This de�nition of the ritial density is equivalent to thatgiven at the end of Set. 2.The lowest kaon energy in the nuleon medium reads:!� = �nB(1 + x) 14f2+� 116f4n2B(1 + x)2 +m2K + nB2f2 (2a1x+ 2a2 + 4a3)ms�1=2 :(12)The energy !� dereases with baryon number density, Figs 2 and 3. The
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Fig. 2. The lowest kaon energy in the nuleon matter, !�, (solid urves) and theeletron hemial potential, �, (dashed urve) for the UV14+TNI interations.Curves labelled a, b, and  orrespond to the oupling parameter a3ms of �310MeV, �230 MeV, and �134 MeV, respetively.ondition (11) an be satis�ed only at a su�iently high density providedthe eletron hemial potential does not derease too fast. In Fig. 2 weshow the lowest kaon energy, !�, for three values of the oupling parametera3ms, and for the eletron hemial potential, �, orresponding to the UV14+ TNI interations. The eletron hemial potential is rather low, it has amaximum at n = 3n0 and then dereases to zero at a density of about6n0, where eletron and proton densities vanish. The ritial ondition (11)an be satis�ed only for the oupling values at least as strong as in ase



2754 S. Kubis, M. Kutshera(b), a3ms � �230 MeV. For weaker oupling the !� urve does not rossthe hemial potential and the ritial ondition (11) an never be satis�ed.Hene, in the ase of the symmetry energy of the UV14 + TNI potentialthere exists a threshold value of the kaon�nuleon oupling parameter, a3ms,below whih there exists no kaon ondensation in the neutron star matter.
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Fig. 3. The same as in Fig. 2, for the E1 symmetry energySuh a threshold does not exist in Fig. 3 where we show the kaon en-ergy !� and the eletron hemial potential for the symmetry energy E1.Sine the eletron hemial potential monotonially inreases with density,the ritial ondition (11) an be satis�ed for any value of the oupling pa-rameter a3ms at a su�iently high density. Critial densities orrespondingto indiated values of a3ms in Fig. 2 di�er by a fator of about two.Values of the ritial density an also be read o� from Fig. 4 and Fig. 5,where we show the amplitude of the ondensate, �, as a funtion of density,for the UV14 + TNI and AV14 + UVII interations, respetively. In both�gures, results orresponding to the symmetry energy E1 are also shown.The values of nkaon found from Fig. 2 and Fig. 3 oinide with those fromFig. 4. It is also interesting to ompare how the angle � varies with density.In Fig. 4, for the UV14 + TNI model the amplitude grows very fast withdensity for densities above the ritial one. It reahes a maximum whenthe proton fration beomes x = 1, and dereases at higher densities. Asimilar behaviour is displayed in Fig. 5 for the AV14 + UVII interationsfor the strongest oupling (solid urve a). This is in ontrast to the E1ase, when the ondensate amplitude monotonially grows with density forall indiated values of the oupling parameters. In Fig. 6 the protonfration of the neutron star matter with the kaon ondensate is shown. Onean notie that for the UV14 + TNI interations the kaon-ondensed phase
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0 2 4 6 8 10
0

20

40

60

80

100

120

n/n0

θ 
[d

eg
]

AV14+UVII

c

a

a
c

Fig. 5. The same as in Fig. 4 for the AV14 + UVII interations.ontains only protons. Neutrons are fully onverted into protons at densitiesonly slightly exeeding the ritial value. This behaviour is similar for alloupling parameters stronger than the threshold value a3ms = �230 MeV.In Fig. 7, where the same is shown for the AV14 + UVII interation, onean notie that for the strongest oupling the proton fration also reahesunity at high densities. For interations with the symmetry energy E1 theproton fration at high densities tends to an asymptoti value x = 0:6, forall kaon�nuleon ouplings.
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Kaon Condensation in Neutron Stars : : : 2757measured by the angle �, behaves in a quite di�erent way for onsideredmodels of nuleon�nuleon interations. In partiular, the kaon ondensateweakens at high densities for the UV14 + TNI interations, Fig. 4.For astrophysial appliations, the proton fration of the neutron starmatter plays an important role. The in�uene of the symmetry energy on theproton abundane in the kaon�ondensed phase is rather strong, as shownin Fig. 6 and Fig. 7. In fat, the proton abundane at higher densitiesis determined entirely by the nulear symmetry energy. The kaon�nuleonoupling parameter, a3ms, a�ets the proton fration only at densities loseto the ritial value. The role of the symmetry energy is most spetaularfor the UV14 + TNI interations for whih neutrons are fully onverted intoprotons, Fig. 6.Let us remark �nally that reent laims [10℄ that all modern phase equiv-alent potentials whih �t aurately the n�n and n�p sattering data yielda symmetry energy whih inreases with density, are unjusti�ed. For theArgonne potential AV 18 authors of Ref. [10℄ �nd inreasing Esym(nB). Cal-ulations reported in Ref. [11℄ show that the symmetry energy orrespondingto this potential saturates and then dereases at high densities in a similarway as found by Wiringa, Fiks and Fabroini [4℄ for Urbana UV14 and Ar-gonne AV14 potentials. Premature onlusions of Ref. [10℄ stem from theuse of the lowest order Bruekner approah whih is inadequate at high den-sities. Hene the unertainty as to the high density behaviour of the nulearsymmetry energy is still present. For astrophysial appliations, both de-reasing and inreasing symmetry energy should be used in order to assessthe role of this unertainty. REFERENCES[1℄ B.D. Kaplan, A.E. Nelson, Phys. Lett. B175, 57 (1986).[2℄ M. Prakash, S. Reddy, J.M. Lattimer, P.J. Ellis, Heavy Ion Phys. 4, 271 (1996).[3℄ V. Thorsson, M. Prakash, J.M. Lattimer, Nul. Phys. A572, 693 (1994).[4℄ R. B. Wiringa, V. Fiks, A. Fabroini, Phys. Rev. C38, 1010 (1988).[5℄ M. Kutshera, Z. Phys. A348, 263 (1994).[6℄ G.E. Brown, K. Kubodera, M. Rho, Phys. Lett. B192, 273 (1987).[7℄ G. Baym, Phys. Rev. Lett. 30, 1340 (1973).[8℄ I.E. Lagaris, V.R. Pandharipande, Nul. Phys. A369, 470 (1981).
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