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Antikaon condensation in neutron star matter with

strong magnetic fields *
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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 1014 − 1015 G
[1]

. Although there is no di-

rect observational evidence for the internal magnetic

field of the star, it may reach 1018 G, as estimated in

some theoretical works
[2—4]

. 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
[5—8]

. 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
[3, 4]

.

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

to the kaon/antikaon condensations
[9—12]

. 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
[13]

. The QMC model has

been applied to various problems of nuclear matter

and finite nuclei with reasonable success
[14—17]

. 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
[12, 18]

.

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 (σ and ω) and isovector vector meson (ρ)

in the mean-field approximation. In contrast to the
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relativistic mean-field (RMF) model
[19]

, 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
[

iγµ ∂µ−(mq +gq
σ
σ)−gq

ω
ωµγ

µ−gq
ρ
τ3qρ3µγ

µ−

e(1+3τ3q)

6
Aµγ

µ

]

ψq = 0, (1)

where gq
σ
, gq

ω
, and gq

ρ
are the quark-meson coupling

constants, and mq is the current quark mass. τ3q is

the third component of the Pauli matrices. σ, ωµ, ρ3µ,

and Aµ 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

ψq(r, t) =Nq e−iεqt/RN







j0(xqr/RN)

iβq σ • r̂ j1(xqr/RN)







χq√
4π
,

(2)

where

βq =

√

Ωq−RNm∗

q

Ωq +RNm∗

q

, (3)

N−2
q = 2R3

N j
2
0(xq)

[

Ωq(Ωq−1)+RNm
∗

q/2
]

/x2
q, (4)

Ωq =
√

x2
q +(RNm∗

q)
2 and m∗

q =mq +gq
σ
σ. RN is the

bag radius of the nucleon, and χq is the quark spinor.

The energy of a static nucleon bag consisting of three

ground-state quarks is then given by

Ebag
N = 3

Ωq

RN

− ZN

RN

+
4

3
πR3

NBN, (5)

where the parameter ZN accounts for various cor-

rections including the zero-point motion, and BN is

the bag constant. The effective nucleon mass is then

taken to be

M∗

N =Ebag
N . (6)

In the present calculation, we take the current

quark mass mq = 5.5 MeV. The parameter B1/4
N =

210.854 MeV and ZN = 4.00506, as given in Ref. [18],

are determined by reproducing the nucleon mass

MN = 939 MeV and the bag radius RN = 0.6 fm in

free space.

For antikaons, negatively charged K− and neutral

K̄0, we assume that they are described as MIT bags

in the same way as nucleons
[12, 20]

. The exchanged σ,

ω, and ρ mesons are assumed to couple exclusively

to the up and down quarks (and antiquarks), not to

the strange quark
[12]

. Similarly, the effective mass of

antikaons and kaons is given by

m∗

K =
Ωq +Ωs

RK

− ZK

RK

+
4

3
πRK

3BK. (7)

where Ωq =
√

x2
q +(RKm∗

q)
2 and Ωs =

√

x2
s +(RKms)2. We take the strange quark mass

ms = 150 MeV and the bag constant BK =BN. The

parameters ZK = 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,

L=LN +LK +Ll, (8)

LN =
∑

b=n,p

ψ̄b

[

iγµ ∂µ−qbγµA
µ−M∗

N−gωNγµω
µ−

gρNγµτiNρ
µ

i −
1

2
κbσµνF

µν

]

ψb +
1

2
∂µσ∂µ

σ−

1

2
m2

σ
σ2− 1

4
WµνW

µν +
1

2
m2

ω
ωµω

µ−

1

4
RiµνR

µν
i +

1

2
m2

ρ
ρiµρ

µ

i −
1

4
FµνF

µν , (9)

LK =D∗

µ
K̄DµK−m∗2

K K̄K, (10)

Ll =
∑

l=e,µ

ψ̄l [iγµ ∂µ−qlγµA
µ−ml]ψl. (11)

Here Aµ = (0, 0, Bx, 0) refers to a constant exter-

nal magnetic field B along the z-axis. The effective

masses M∗

N and m∗

K given in Eqs. (6) and (7) are ob-

tained at the quark level. The covariant derivative

is defined as Dµ = ∂µ +iqKAµ + igωKωµ + igρKτiKρ
i
µ.

The anomalous magnetic moments of nucleons are

included with κp = µN (gp/2−1) = 1.7928µN and

κn = µNgn/2 = −1.9130µN, where µN is the nuclear

magneton. In the QMC model, the coupling con-

stants at the hadron level are related to the quark-

meson coupling constants as gωN = 3gq
ω
, gωK = gq

ω
,
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and gρN = gρK = gq
ρ

[12, 20]
. The quark-meson coupling

constants gq
σ

= 5.957, gq
ω

= 2.994, and gq
ρ

= 4.325

are determined by fitting the saturation properties of

nuclear matter
[18]

.

The chemical potentials of nucleons and leptons

are given by

µp = Ep
f +gωNω0 +gρNρ30, (12)

µn = En
f +gωNω0−gρNρ30, (13)

µl = El
f =

√

kl2
f,ν,s +m

2
l +2ν |ql|B. (14)

The Fermi energies Ep
f and En

f are related to the

Fermi momenta kp
f,ν,s and kn

f,s as

Ep
f

2 = kp2
f,ν,s +

(

√

M∗2
N +2νqpB−sκpB

)2

, (15)

En
f

2 = kn2
f,s +(M∗

N−sκnB)2 , (16)

where ν 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 K̄0, we have the

chemical potentials

µK− =
√

m∗2
K + |qK− |B−gωKω0−gρKρ30, (17)

µK̄0 = m∗

K−gωKω0 +gρKρ30. (18)

For neutron star matter with uniform distribu-

tions, the composition of matter is determined by the

requirements of charge neutrality and β-equilibrium

conditions. In the present calculation with antikaon

condensation, the β-equilibrium conditions are ex-

pressed by

µn−µp = µK− =µe =µµ, (19)

µK̄0 = 0. (20)

The charge neutrality condition is given by

ρp = ρK− +ρe +ρµ. (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
[21]

. The TM1 model includes nonlinear terms

for both σ and ω mesons, and has been widely used

in many studies of nuclear physics
[22—26]

. It has be

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

in the RMF models is quite sensitive to the antikaon

optical potential, UK̄ (ρ0) = gσKσ − gωKω0. In the

QMC model, the antikaon optical potential is given

by UK̄ (ρ0) = m∗

K −mK − gωKω0
[12]

, and we obtain

UK̄ (ρ0) = −123 MeV with the parameters used in

the present study. Here we take gωK = gωN/3 and

gσK = 0.926 in the TM1 model, which is determined

by fitting UK̄ (ρ0) =−123 MeV obtained in the QMC

model, so that the comparison between the QMC and

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 K̄0 conden-

sation for strong enough magnetic fields. Although

K̄0 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 K̄0 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.

Fig. 1. The densities of antikaons, ρK− (left
panels) and ρK̄0 (right panels), as a function
of the baryon density, ρB, for B∗ = B/Be

c = 0,
105, and 106 (Be

c = 4.414×1013 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-

old density of K− condensation strongly depends on

the magnetic field strength, and it even shifts be-

yond the threshold of K̄0 condensation for sufficiently

strong magnetic fields. There exist quantitative dif-

ferences between the QMC and TM1 models, but

qualitative trends of magnetic field effects on antikaon

condensation and EOS are quite similar.
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