Chinese Physics C (HEP & NP)

Vol. 32, Suppl.Il, Oct., 2008

Antikaon condensation in neutron star matter with
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Abstract We study the influence of strong magnetic fields on antikaon condensation in neutron star matter

using the quark-meson coupling (QMC) model. The QMC model describes a nuclear many-body system as

nonoverlapping MIT bags interacting through the self-consistent exchange of scalar and vector meson mean

fields. It is found that the presence of strong magnetic fields alters the threshold density of antikaon condensa-

tion significantly. The results of the QMC model are compared with those obtained in a relativistic mean-field

(RMF) model.
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1 Introduction

Observations of soft-gamma repeaters (SGRs) and
anomalous X-ray pulsars (AXPs) imply that the sur-
face magnetic field of young neutron stars could be
of order 10" — 10 G". Although there is no di-
rect observational evidence for the internal magnetic
field of the star, it may reach 10'® G, as estimated in
some theoretical works”® . Motivated by a possible
existence of strong magnetic fields in neutron stars,
theoretical studies on the influence of extremely large
fields on dense matter have been carried out by many
authors®® ®. It has been found that the composition
of neutron star matter can be significantly affected
by strong magnetic fields, while the maximum mass
of neutron stars might be substantially increased® .
On the other hand, it is well known that the den-
sity in the interior of neutron stars is extremely high,
and additional degrees of freedom such as hyperons,
kaons, and even quarks may occur in the core of neu-

tron stars. Recently, much attention has been paid
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to the kaon/antikaon condensations'” . In general,
the presence of antikaon condensation tends to soften
the equation of state (EOS) at high density and lower
the maximum mass of neutron stars. It is interesting
to investigate the influence of strong magnetic fields
on antikaon condensation.

In this paper, we study the effects of strong
magnetic fields on antikaon condensation in neutron
star matter using the quark-meson coupling (QMC)
model, in which the quark degrees of freedom are ex-
plicitly taken into account™. The QMC model has
been applied to various problems of nuclear matter
and finite nuclei with reasonable success™* ™. Fur-
thermore, the model has also been used to investi-
gate the properties of neutron stars with the inclu-
sion of hyperons, quarks, and K~ condensation™ ',
In the present work, both nucleons and antikaons are
described as MIT bags which interact through the
self-consistent exchange of isoscalar scalar and vec-
tor mesons (0 and w) and isovector vector meson (p)

in the mean-field approximation. In contrast to the
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relativistic mean-field (RMF) model™, the quark
structure plays a crucial role in the QMC model.

2 Model

We first study the properties of nucleons and an-
tikaons under the influence of external meson and
electromagnetic fields using the MIT bag model. For
simplicity, we neglect the spatial variation of the fields
over the small bag volume, and take the values at the
center of the bag as their average quantities[14].

For nucleons described as spherical MIT bags with
external meson and electromagnetic fields, the up and

down quarks inside the bag satisfy the Dirac equation
Iy, 9" — (mq +gg0) — GowuY" — 987301/)3;17“ -

QL) 4 el =0, (1)
where gd, g4, and gg are the quark-meson coupling
constants, and m, is the current quark mass. 73, is
the third component of the Pauli matrices. o, w,,, psy,
and A, are the values of the meson and electromag-
netic fields at the center of the bag. The normalized

ground state for a quark in the bag is given by

jO(‘Tqr/RN)
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2q= /72 +(Rymy)? and m =mq+glo. Ry is the
bag radius of the nucleon, and x4 is the quark spinor.
The energy of a static nucleon bag consisting of three

ground-state quarks is then given by

Q. Zn 4
Ebs =39 _Z2 | “qR3B 5
N R RN+37T NDN, (5)

where the parameter Zy accounts for various cor-
rections including the zero-point motion, and By is
the bag constant. The effective nucleon mass is then
taken to be

M} = EQ™. (6)

In the present calculation, we take the current
quark mass m, = 5.5 MeV. The parameter Bi/‘lz
210.854 MeV and Zy =4.00506, as given in Ref. [18],

are determined by reproducing the nucleon mass
My =939 MeV and the bag radius Ry = 0.6 fm in
free space.

For antikaons, negatively charged K~ and neutral
KO, we assume that they are described as MIT bags

(12, 20

in the same way as nucleons !, The exchanged o,
w, and p mesons are assumed to couple exclusively
to the up and down quarks (and antiquarks), not to
the strange quarkm]. Similarly, the effective mass of

antikaons and kaons is given by

where 2, = 224+ (Rxkm?)? and § =
\/m. We take the strange quark mass
mg = 150 MeV and the bag constant Bx = Bx. The
parameters Zx = 3.362 and Rk = 0.457 fm, as given
in Ref. [12], are determined from the kaon mass and
the stability condition in free space.

To describe neutron star matter with antikaon
condensation in the presence of strong magnetic
fields, we adopt the total Lagrangian density written
at the hadron level as the sum of nucleonic, kaonic

and leptonic parts,

£:£N+£K+£lu (8)
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L= [i7.0" =gy A" —mi]dn. (1)

l=e,n
Here A* = (0, 0, Bz, 0) refers to a constant exter-
nal magnetic field B along the z-axis. The effective
masses My, and mj; given in Egs. (6) and (7) are ob-
tained at the quark level. The covariant derivative
is defined as D, = 9, +ig A, + iguxwy + 19,k Tik ), -
The anomalous magnetic moments of nucleons are
included with k, = pn(9,/2—1) = 1.7928ux and
Kn = ngn/2 = —1.9130uy, where py is the nuclear
In the QMC model, the coupling con-

stants at the hadron level are related to the quark-

magneton.

meson coupling constants as gon = 39%, gox = 92,
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and gon = gpx = 93[12’ %%l The quark-meson coupling

constants g& = 5.957, g2 = 2.994, and gI = 4.325
are determined by fitting the saturation properties of
nuclear matter™®.

The chemical potentials of nucleons and leptons

are given by

o = Ef + gwnwo+ gonpao, (12)
pn = Ef + gonwo — gonpso, (13)
o= Ei=\[k2, +mi+2wlal B (14)

The Fermi energies Ef and E} are related to the

Fermi momenta kf, , and k', as

2
B = Wt (VIR BB sy B) (15
E?Q — k?’z‘i‘(M;]_SHnB)zu (16)

where v enumerates the Landau levels of electrical
fermions. The quantum number s is +1 for spin up
and —1 for spin down cases. For s-wave condensation
of negatively charged K~ and neutral K°, we have the

chemical potentials

Hg— = m’f(z—|—|qK7|B—ngW()_ngp307 (17)

HERO = My — JwkWo T GoxP30- (18)

For neutron star matter with uniform distribu-
tions, the composition of matter is determined by the
requirements of charge neutrality and (-equilibrium
conditions. In the present calculation with antikaon
condensation, the (-equilibrium conditions are ex-

pressed by
fon = fhp = Pk~ = e = iy, (19)
pigo = 0. (20)
The charge neutrality condition is given by

Pp = PK~ T Pet Py (21)
3 Results and discussion

In order to show how the results depend on the
models based on different degrees of freedom, we
make a systematic comparison between the QMC
model and the RMF model with the TM1 parame-
ter set™). The TM1 model includes nonlinear terms
for both o and w mesons, and has been widely used
(227261 "It has be

pointed in Refs. [9, 10] that antikaon condensation

in many studies of nuclear physics

in the RMF models is quite sensitive to the antikaon

In the
QMC model, the antikaon optical potential is given
by Ux (po) = mj — mx — goxwo' ), and we obtain
Uz (po) = —123 MeV with the parameters used in
the present study. Here we take g,k = gwn/3 and
gox = 0.926 in the TM1 model, which is determined
by fitting Ug (po) = —123 MeV obtained in the QMC
model, so that the comparison between the QMC and

optical potential, Uz (po) = gox0 — GwrWo-

TM1 models is more meaningful. It is found that the
onset of K~ condensation shifts to higher density in
the presence of strong magnetic fields, and it even
shifts to densities beyond the threshold of K conden-
sation for strong enough magnetic fields. Although
K° is a neutral particle, its chemical potential given
by Eq. (18) is indirectly influenced by the magnetic
field through the dependence of meson mean fields
on the magnetic field. We conclude that K~ conden-
sation depends more strongly on the magnetic field
than K° condensation. By comparing the results of
the QMC model with those of the TM1 model, one
can see that the onset of antikaon condensation in
the presence of strong magnetic fields occurs at lower
densities within the QMC model. Although there are
quantitative differences between the QMC and TM1
models, we find that the qualitative trends of mag-

netic field effects are quite similar in the two models.

103 ......... ST |.~||
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Fig. 1. The densities of antikaons, py- (left
panels) and pro (right panels), as a function
of the baryon density, ps, for B* = B/B¢ =0,
10°, and 10° (BE =4.414 x 10" G is the elec-
tron critical field). The results of the QMC
and TM1 models are shown in the upper and
lower panels, respectively.
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4 Summary

We have studied the effects of strong magnetic
fields on antikaon condensation in neutron star mat-
ter using the QMC model. We found that the thresh-
old of antikaon condensation shifts to higher density

in the presence of strong magnetic fields. The thresh-
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