Does antikaon condensed phase exist in
neutron stars?

K. Miyazaki

Abstract

Neutron star matter including all the baryon octets and condensed antikaons is
investigated by the extended Zimanyi-Moszkowski model. It is only the relativistic
mean-field model to take into account both the (hidden) strange mesons and the
effectively density-dependent meson-baryon coupling constants. Even if we assume
the deep K optical potential Ui = —160 MeV and strong NN§ and N Np coupling
constants, which are necessary for antikaon condensation in neutron star but are not
consistent to the results of the most refined theoretical investigations, the maximum
mass of neutron star is lower than the canonical value 1.44Mq. Consequently,
antikaon condensed phase is unlikely to exist in neutron stars.

Recently there are large interests on kaons in nuclear physics. One of them is the pos-
sibility that the antikaon condensed phase [1] may be formed in dense strange baryonic
medium as neutron star (NS) matter because the antikaons feel an attraction in the
medium. For one thing the existence of such a novel phase depends on the strength of
the attraction, and for another the realistic description of the dense medium is necessary
to predict it reliably. For the former the theoretical investigations [2-7] unfortunately
predict the rather wide range of K optical potentials being from Uz ~ —50MeV to
Uiz =~ —180MeV. For the latter, although the relativistic models are most reliable at
present, there are some variants that are essentially different from each other.

The relativistic Brueckner-Hartree-Fock (RBHF') [8] theory is the most fundamental
model of nuclear matter, but its extension to include all the baryon octets is not feasible at
present. Therefore many studies of NS matter [9] have been done by the relativistic mean-
field (RMF) theories based on or inspired by the Walecka model [10]. The most widely
used nonlinear extensions [11] of the Walecka model however are not realistic because they
do not consider the medium dependences of meson-baryon coupling constants, which are
realized in the RBHF theory and are essentially important to dense hadronic matter.

In the RMF models including hyperons, the (hidden) strange mesons ¢* and ¢ [12]
should be taken into account for the realistic description of Y'Y interactions. In this re-
spect the so-called DDRH model [13] is not suitable because of the difficulty to include the
explicitly density-dependent Y'Y o*(¢) coupling constants. Consequently, there remain
only two possibilities of the realistic RMF models for dense baryon matter. They are the
Zimanyi-Moszkowski (ZM) model [14,15] and the quark-meson coupling (QMC) model
[16,17]. In contrast to the DDRH model, these models introduce the density-dependences
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of the meson-baryon coupling constants implicitly through the effective masses of baryons
in the medium.

At present we can find no investigations of the antikaon condensation in NSs by the
QMC model including all the baryon octets.! On the other hand, the modified ZM model
[18-20] was applied to it in Ref. [21] but does not take into account the strange mesons.
They are considered by the extended ZM (EZM) model developed in Refs. [22,23]. The
purpose of the present work is to investigate the antikaon condensation in NSs by the
EZM model.

The EZM model Lagrangian of NS matter composed of baryon octets and leptons
is the same as Ref. [23]. We have only to add the contribution of antikaons, which is
formally the same as Ref. [24] except that the meson-kaon coupling constants in the

present model are renormalized. The resultant energy density becomes
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where pp and p, are the vector densities of the baryons and leptons in NS matter. The
pps and p,¢ are their scalar densities. Ejp and Ejr are their Fermi energies. The m,
is mass of each lepton. The py is the density of condensed antikaon. The m, etc. are
masses of the mesons and (o) etc. are their mean-fields.

The effective mass M}, of each baryon is

Mg = Mp — g*BBO' <U> - g*BBé <53> Isp — g*BBo'* <U*> ) (2)

where Mp is free baryon mass and I35 = {1,-1,0,1,0,-1,1, -1} for
B={p,n, A, X", X% ¥~ =% =-}. The renormalized scalar-meson coupling constants

95p. ete. are found in Ref. [23]. On the other hand, the vector potential V5 is given by

Ve = gipw (Wo) + 955, (Po3) 138 + 95ps (Do) (3)

where ¢}, etc. are the renormalized vector-meson coupling constants [23]. The effective

! After we have completed this paper, Ref. [32] has appeared. However it does not take into account
the effects of § meson nor strange mesons. Moreover, its (nonstrange) meson-hyperon coupling constants
are not physically realistic. Consequently, Fig. 5(b) in it shows the abundances of ¥ hyperons and absence
of = hyperons in NS matter. At present, no observation of ¥ hypernuclei and the detailed theoretical
analyses of ¥~ atomic data and (7—, KT) spectra strongly support repulsive Y-nucleus optical potential.
We can therefore expect the absence of ¥ hyperons in NS matter. Although we have not shown the
particle fractions, there are no ¥s in our results because of our physically reasonable choice of the
meson-hyperon coupling constants



mass of antikaon is
My = Mk = kg, (0) — 9krs (93) Isk — Gk go- (07), (4)
and its vector potential is
Vi = = 9rrw Wo) + 9rx, (Po3) Iak = 9xre (P0) (5)

where My = 495.7MeV is free kaon mass and Iyz = {1, =1} for K = { K°, K~ }. The
vector mean-fields in Egs. (3) and (5) are given by
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Because we treat antikaons as the same footing as baryons [25], the renormalized
meson-antikaon coupling constants g7 .. etc. in Egs. (6)-(8) are derived on the analogy

of the renormalized meson-baryon couplings in Refs. [18-23]. They are given by
* _ oK _ K
gf([(a(&,w,p) - <]' + Ss > gKKU((S,w,p) - <1 + Ss /MK> gKKJ((S,w,p)’ (9)

IR Ko (¢) = (1 + 5?) IKKo*(¢) = (1 + S?/MK) IKKo*(¢) (10)

where gy, etc. are free meson-kaon coupling constants. The S fl:( and SX are the scalar

potential for the constituent u(d) and s quark in antikaons. For K° they are given by
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and we have introduced the reduced mean-fields:
. — gKKa <O’>, SK — gKKé <53> and 5_;{ — gKKo‘* <O'*> ) (14)

K MK MK MK

The similar expressions for K~ are obtained by changing the signs of 6 x in Egs. (11)-(13).
As shown in Ref. [23], the scalar mean-fields (o), (d;) and (o*) are expressed by the



effective masses of proton my = My /My, neutron m; = M} /My and lambda m} =
M5 /M,, and so the effective masses and the coupling constants of other baryons are also
expressed by them. The effective masses of antikaons are given by

Mioue-y _ 1= (0x £0x) = 0% + (0x + k) Tk
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where +0 is for K® and —d is for K~. The values of my, m,, and m} are determined by
minimizing the energy density by them. The resultant three equations, whose derivations
are tedious but straightforward and so are not shown here, are solved under the (-

equilibrium, charge neutral conditions and baryon number conservation [11] in NS matter.

We first take the same meson-baryon coupling constants as the set 4 in Ref. [23].
They are consistent to the most recent information on hyperon interactions from the
experimental and theoretical investigations of hypernuclei. Then the meson-kaon coupling
constants have to be determined. In this respect we follow Ref. [26]. The same K Kw,
KKp, KKo* and K K¢ coupling constants are employed. The K Ko and K K¢ coupling
constants, gy, = 2.33 and gy ;s = 7.84, are determined from KN scattering lengths.
The resultant antikaon optical potential in normal nuclear matter at saturation is Ui =
—160.5 MeV. The value nearly agrees with the phenomenological analysis [5] from K~
atomic data.

The results using the obtained coupling constants are shown by the dashed curves
in figures. Figure 1 shows the chemical potential of K° and the difference between the
chemical potentials of K~ and electron. Antikaon condensations are only possible if the
curves cross zeros. Figures 2 and 3 show the equations of state (EOSs) and the mass
sequences of cold non-rotating NSs. It is seen in Fig. 1 that the K~ condensation appears
above the total baryon density p = 0.373 fm— while we cannot find the K° condensation.
The resultant EOS in Fig. 2 however becomes unphysical at high densities. Therefore
the mass sequence of NSs is not calculated.

As was pointed out in Ref. [26], the d-meson contribution is crucial to reproduce K N
scattering lengths. The above unphysical EOS therefore may be due to the weak N N§ and
NNp coupling constants, (g, ys/ms)> = 0.39 fm? and (gNNp/mp)2 = 0.82fm? from Bonn
A potential in Ref. [8]. The K condensation largely depletes the pressure of NS matter
because its contribution weakens (w,) and (¢,) mean-fields as seen in Eqgs. (6) and (8).
On the other hand, the p mean-field (p,;) in NS matter always has negative value because
of the predominance of neutron over proton at lower densities and the abundance of K~
at higher densities. Therefore the strong N Np coupling constant enlarges the absolute
value of p mean-field and relieves the depletion of pressure by K~ condensation.

However we cannot increase N Np coupling alone because both the NN§ and NNp
couplings are strongly correlated [27]. Then we use the same NN coupling constant as

Ref. [26] and determine N Np coupling constant so as to reproduce the symmetry-energy



of nuclear matter being 28 MeV [28]. The results using these strong NN¢ and NNp
couplings, (gyys/ms)° = 1.43fm? and (gNNp/mp)2 = 1.89 fm?, are shown by the solid
curves in the figures. (In this case the K K§ coupling constant becomes ¢y s = 7.13,
which is somewhat larger than the value in Ref. [26].) As seen in Fig. 1, the K~
condensation appears above the baryon density p = 0.353 fm~2 while the K° condensation
never appears. We stopped the calculation when the effective mass of neutron becomes
negative at p = 0.772fm™3 because of the strong NNJ coupling. The abundance of
K~ largely delays the appearances of hyperons and so there is only A hyperon above
p = 0.530fm=3. The K~ condensation causes the first-order phase transition into the
EOS in Fig. 2. We employ the Maxwell construction to determine the equilibrium state
or the mixed phase of the two phases, the pure baryon and the K~ condensed phases. By
integrating the TOV equation [29], the resultant mass sequence of NSs in Fig. 3 predicts
the maximum mass 1.28 M, being lower than the canonical value 1.44M, [30]. This casts
a doubt on the existence of K condensed phase in NSs. Even if the Gibbs construction
[25] of the mixed phase is employed, the result would not be altered largely.

Next, we calculate the NS matter again by determining the K Ko coupling constant
Jx . = 1.78 phenomenologically [25] to reproduce somewhat shallower K optical poten-
tial Uz = —140MeV than Uiz ~ —160 MeV obtained above. The dashed-dotted and
dotted curves in the figures are the results using the strong and weak NN¢§ and NNp
coupling constants respectively. As seen in Fig. 1, there are no antikaons in NSs and so
the dotted curve is equivalent to the result by the set 4 in Ref. [23]. Now, it has been
confirmed that the antikaon appears only if its optical potential in the saturated nuclear
matter is deeper than Uz = —160MeV. However the deep potential Uz ~ —160 MeV
obtained by the simple one-boson-exchange model [26] is not consistent to the recent
refined coupled-channel calculations [6,7], which predict much shallower potentials, and
so cannot be regarded as a physically reasonable value.

Although the EOS of the dotted-dashed curve in Fig. 2 is stopped at p = 0.733 fm™3
where the neutron effective mass becomes negative, there are only small differences be-
tween the dotted and dashed-dotted curves in the figures. The maximum masses of NS
in Fig. 3 are 1.615M; and 1.598M, respectively. We can therefore see that the EZM
model without K condensations is stable against the large differences of isovector-meson
coupling constants. On the contrary, the antikaon condensed phase is unstable as was
seen in the difference between EOSs of the solid and dashed curves. This also suspects
the existence of K condensations in NSs.

The above results indicate that antikaon condensed phase is unlikely to exist in NSs.
The similar conclusion has been recently derived [31] from a different point of view.
Moreover, we have to stress that the strong NN and N Np coupling constants used for
the solid curves in the figures are never justified. The study of Ref. [8] has revealed
that the NN scattering analysis is not sensitive to NN¢§ coupling but the RBHF cal-

culation of nuclear matter saturation obviously excludes the strong NN§ coupling. For



a definite symmetry-energy of nuclear matter, the strong NN coupling requires strong
NN p coupling [27], which however is not consistent to Bonn A potential in Ref. [8]. Al-
most calculations by the nonlinear Walecka model have not taken into account ¢ meson
but assumed strong N Np couplings. If the § meson is introduced, their N Np couplings
become much stronger and so unphysical. Usually, this shortcoming is excused by men-
tioning that the meson-baryon coupling constants in the models are the effective ones.
Fortunately or not, such a cheating is not applicable to the EZM model in which the
effective renormalized coupling constants are determined self-consistently in the medium.
We therefore have to specify the free coupling constants obtained from NN scattering

data but not the effective ones.

The NS matter including all the baryon octets and condensed antikaons is investigated
by the extended Zimanyi-Moszkowski model. It is only the RMF model to take into
account both the (hidden) strange mesons mediated between hyperons and the effectively
density-dependent meson-baryon and antikaon coupling constants. If we assume the K
optical potential Uz = —140MeV that is still much deeper than the values obtained
by recent theoretical investigations, there are no antikaons in NS matter. If the K Ko
coupling constant is determined from KN scattering length, slightly deeper K optical
potential Uz = —160MeV is obtained and so the K~ appears. However, using the
relatively weak coupling constants of isovector mesons from Bonn A NN potential, the
resultant EOS becomes unphysical. Even if the much stronger coupling constants are
used, the maximum mass of NS is lower than the canonical value 1.44 M. Consequently,
we conclude that antikaon condensation is unlikely to occur in NSs regardless of the

uncertainties of meson-antikaon coupling constants.
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Figure 1: The chemical potential of K° (black curves) and the difference between the
chemical potentials of K~ and electron (red curves) as functions of the total baryon
density. The solid and dashed curves are the results using the K optical potential in
saturated nuclear matter of Uz = —160 MeV. The former assumes the strong NN¢§ and
NNp coupling constants, (gyys/m;)° = 1.43fm? and (gNNp/mp)2 = 1.89fm? from Ref.

[26] while the latter assumes the weak ones, (gyys/m;)° = 0.39 fm? and (gNNp/mp)2 =
0.82 fm? from Ref. [8]. The dashed-dotted and dotted curves are the results using Uz =
—140 MeV with the strong and weak NN and N Np couplings respectively.
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Figure 2: The EOSs of cold non-rotating NSs. The curves are the same as Fig. 1.
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Figure 3: The mass sequences of cold non-rotating NSs by using the EOSs in Fig. 2.
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