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Nucleonic direct Urca processes and cooling of the massive neutron stars are studied by considering antikaon condensations.
Calculations are performed in the relativistic mean field and isothermal interior approximations. Neutrino energy losses of the
nucleonic direct Urca processes are reduced when the optical potential of antikaons changes from —80 to —130 MeV. If the center
density of the massive neutron stars is a constant, the masses taper off with the optical potential of antikaons, and neutrino
luminosities of the nucleonic direct Urca processes decrease for pey = 0.5 fm™? but first increase and then decrease for larger pey.
Large optical potential of antikaons results in warming of the nonsuperfluid massive neutron stars. Massive neutron stars turn
warmer with the protonic 1S, superfluids. However, the decline of the critical temperatures of the protonic 1S, superfluids for the

large optical potential of antikaons can speed up the cooling of the massive neutron stars.

1. Introduction

Just two years after Chadwick discovered the neutron [1],
Baade and Zwicky suggested the possibility of the existence
of neutron stars (NSs) in 1934 [2]. NSs were confirmed by
the discovery of the first radio pulsar named PSR
B1919 +211 in 1967 [3]. NSs shown as pulsars are one of the
most intriguing observational objects owing to special
characteristics of themselves. The unknown core composi-
tions of NSs is one of the hot topics that need to be solved
with knowledge from several fields: high-energy astro-
physics, nuclear physics, superfluid hydrodynamics, neu-
trino physics, hadronic physics, general relativity, and so on.
After decades of observational, experimental, and theoretical
studies, the equation of states (EOSs) and global properties
of extremely dense matter in cores of NSs are mysterious.
The EOSs and NS observables, such as the gravitational mass
M and radius R, can be connected through the Tol-
man-Oppenheimer-Volkoff (TOV) equations [4, 5]. The
precise mass measurements of the massive pulsars in binary
star systems are the best and most direct constraint on the

EOSs. At present, the three most massive pulsars, PSRs
J1614-2230 with a mass of M = 1.97 + 0.04M,, J0348 + 0432
with a mass of M = 2.01 £ 0.04M,, and J0740 + 6620 with a
mass of M = 2.14*015M, have put a reasonable limitation
on EOSs of NSs [6-8]. The maximum masses of NSs should
be >2.0M,, [9].

Observational data of the surface thermal radiation of
pulsars as an indication of NS cooling can also constrain NS
structure. Stabler firstly assessed NS thermal emission in
1960 [10]. Chiu analyzed the probability of discovering NSs
through their thermal emission in 1964 [11]. Computations
of NS cooling were carried out in 1964 and 1965 [12-14].
Tsuruta and Cameron presented the basis of the rigorous NS
cooling theory in 1966, one year prior to the discovered
pulsars. The cooling processes can have three stages: the
internal relaxation stage (t <50 years), neutrino cooling
stage with isothermal interior (f<10°—10° years), and
photon cooling stage (f>10°—10° years) governed by
photon surface emission [15-17].

However, detected thermal surface radiation from
cooling isolated NSs is at the neutrino cooling stage.
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Therefore, we focus on neutrino cooling in the work. The
main cooling regulators at this stage are as follows: (1) a
strong neutrino emission from a NS core which controls NS
cooling rate and (2) the suppression of the baryonic su-
perfluids on neutrino emission. Nucleonic direct Urca
processes are expected to largely affect the cooling of NSs
because they are the most powerful neutrino emission in NS
interior and closely related to the protonic superfluids. The
generation of proton-proton (pp) Cooper pair under the
attractive interaction helps protons to be paired through the
Bardeen-Cooper-Schrieffer (BCS) theory [18, 19]. Unlike
the neutronic 'S, superfluids, the protonic 'S, superfluids
can occur in the core of a NS, where it is highly relevant to
the nucleonic direct Urca processes.

In 1986, Kaplan and Nelson pointed out that K~ mesons
can form the Bose-Einstein condensed phases in dense
nuclear matter [20]. Antikaon condensed phases can soften
the EOSs, change the whole properties of NSs [21-30], and
significantly improve the protonic 'S, superfluids in a NS
core [31]. We now investigate how a NS cooling rate changes
if the protonic 'S, superfluids appear in the massive NS with
antikaon condensed phases.

In Section 2, we discuss the mass ranges of the ap-
pearance of the Bose-Einstein condensates in NS matter,
neutrino emissivities, and the corresponding neutrino lu-
minosities of the nucleonic direct Urca processes, the re-
lationship between cooling curves and the protonic 'S,
superfluids based on the approximations of the relativistic
mean field (RMF), and isothermal NS interior. In Section 3,
we present the numerical results of how K~ and K con-
densations affect neutrino emissivities, the corresponding
neutrino luminosities of the nucleonic direct Urca processes,
and speed of NS cooling. The summary is given in Section 4.

2. Theoretical Framework

2.1. The RMF Theory. The RMF model and the corre-
sponding effective Lagrangian for the nucleonic and leptonic
parts have been clearly described with detailed references
[31-36]. Here, we expand the Lagrangian including the
antikaons. The Lagrangian for the antikaonic part in the
minimal coupling scheme could be written as follows [28]:

Ly = D,KD'K - nigKK, (1)

. = _ 0 . .
where antikaons are K = K~ or K and mj is the effective
mass of (anti)kaons as follows:

m;: Mg = 9ok 0> (2)

where m(=495MeV) expresses the bare mass of (anti)
kaons and g,x denotes the isoscalar scalar ¢ meson-kaon
coupling. The vector fields are coupled to antikaons similar
to the minimal coupling scheme through the following
relationship:

D[A = a,u + ingwy + ingTK : p‘u’ (3)

where 0, w,, and p, represent isoscalar scalar, isoscalar
vector, and isovector vector fields, respectively, and g, and
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gk represent w meson-kaon and p meson-kaon couplings,
respectively.

The equation of motion for the antikaonic part from the
Lagrangian equation (1) can be expressed through solving
the Euler-Lagrange equation:

[D,D" +mZ|K = 0. (4)

The dispersion relation of s-wave (k = 0) condensation
for antikaons K representing the in-medium energies can be
given by means of the mathematic deduction:

1
@y = MK ~ 9ok 9 ~ Juk Yo F5 JpxPos- (5)

It changes linearly in the meson fields. In the RMF
approximation, ¢ = (o), w = {wy), and p = {p,;) are the
expectation values of 0, w, and p meson fields in NS matter.
Moreover, py; = p, = p,, where p, and p, represent the
neutronic and protonic densities, respectively. The isospin
projectigr(}s I,z =-1/2 for meson K~ and I,z =1/2 for
meson K~ are clearly written in (5), respectively.

The source terms should be added for the meson field
equations if K~ and K condensed phases are considered in
NS matter. The scalar and vector densities of antikaons are
same for s-wave antikaon condensed phases, using the
dispersion relation equation (5) and RMF approximation,
given by

1 —
Pe-R = 2<wK,,fo + gokWo * EngP03>KK ©

= 2miKK.
The meson field equations are then simplified to

2 92 2
m.o =g, - =0 -
! I N[PSN 9oN 9oN

%03] + goK(PK’ + Pg"))

(7)
Mmoo = Gun(Pu + Pp) = Gk (Pr- +Pr0)s (8)

2m3pos = Gonpos = Gox(Px- = P ) ©)

where pgy is the nucleonic scalar density [22], in which
N = (n, p).

The total energy density € comes from the contributions
of nucleons, leptons, and antikaons. The energy density of
nucleons plus leptons has been described in detail in ref-
erences [32, 33]. The energy density of antikaonic part is
given by

& = Zn’l*KZKK (10)
= WFK(PK* +PE°)-

Because antikaon condensation does not directly con-
tribute to the pressure, the expression of pressure remains
the same [22, 37]. However, the pressure can be indirectly
changed through the changes of the meson field equations
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(7)-(9) due to the additional source terms for antikaon
condensation.

In the interior of NSs, nucleons and leptons undergo
usual S-decay processes, namely, the nucleonic direct Urca
processesn — p+I1+v,and p +1 — n+ v,. As the Fermi
momenta of nucleons increase, the strangeness changing
processes may happen which are N=N+K and
e =K~ +7,. Hence, the chemical potentials of nucleons,
leptons, and antikaons fulfill the following chemical equi-
librium conditions:

Bn = Up = e = Uk->
[Jfo=0.

(11)

The antikaon condensation occurs in NS matter if the in-
medium energies wy are equivalent of the chemical po-
tentials pg:

Wg- = Hg- = Ho> (12)
Weo = fgo = 0.

Therefore, we can calculate the NS properties with the
successful RMF parameter set GM1. By resolving equations
(7)-(12), we get the total energy density and pressure which
can be inputs for solving the Tolman-Oppenheimer-Volkoft
(TOV) equation to get the mass-radius relation [4, 5].

2.2. NS Cooling Theory with the Protonic 'S, Superfluidity.
The main contribution to a luminosity of NS core is from the
nucleonic direct Urca processes. We calculate NS cooling
rate based on the isothermal interior approximation. The
heat-balance equation is given by

dT

Coq ~(L,+L,), (13)

where C, is the total NS thermal capacity:

Cy=c.+c,+¢,+cRp, (14)
where R, is the heat capacity’s inhibiting factor due to the
appearance of the protonic 'S, superfluids in NS matter [19]:

3.149 exp(-1.764T /T
R, - 149 exp( 172'451 o ) s
(TIT,)

where T, is the transition temperature of the protonic 'S,
superfluids. It is closely related to the protonic pairing gap
A, which can be obtained by solving the BCS gap equation at
zero temperature approximation [38, 39]:

T =066 x 10"°A,, (16)

Neutrino and photon luminosities are as follows:
L, = erzq)dV, (17)

L, = 47R%0; (10T)*e*®, (18)

where Q = Q4R is the rate of neutrino losses per unit
volume for the nucleonic direct Urca processes; Q, is
neutrino emissivity without consideration for the protonic
1S, superfluidity in NS matter [40, 41]; Ry is the factor
characterizing the suppression of neutrino emissivity due to
the protonic 1S, superfluidity in NS matter:

0.0163 exp(~1.764T,/T )
(TIT,)""

p0 = (19)

In the case without thinking about the protonic 'S,
superfluids, R,y = R,, = 1. In equation (17), e® =1 -2m/r
is the gravitational redshift and R is the radius of a NS. In
equation (18), e® expresses the value of e® at the stellar
surface (where r=R). The semiempirical expression T, =
(10T)*? is the relation between the temperature of interior T
and temperature of surface T,. o} is the Stefan-Boltzmann
constant.

We adopt the Reid soft core (RSC) potential for the pp
interaction in the protonic 'S, pairings. The detailed de-
scription and justification of the method can be seen in
references [42, 43], and then the theoretical cooling curves
with and without K~ and K condensed phases can be
obtained, respectively.

3. Calculation Results and Discussion

We start with the simplest components of NSs cores,
consisting of n, p, e, and possibly u (recorded as npey
matter). For the Bose-Einstein condensed phases, we
consider K~ and K condensations and also discuss a new
family of superdense stars with antikaon condensates
beyond the NS branch (recorded as npe uK~ K’ matter).
The strengths of K~ and K’ condensations are also sen-
sitively dependent on the optical potential of antikaons
Uy at saturation density of nuclear matter. Uy is limited to
the range of —80 to —150 MeV. The properties of the
massive NSs are derived using the successful RMF pa-
rameter set GM1 [33, 44]. The mass range in Figure 1 for
the appearance of antikaon condensed phases can help us
understand the cooling properties. As shown in Figure 1,
the mass ranges are enlarged for antikaon condensations,
while the mass is smaller for the deep optical potential of
antrkaons K~ condensed phases appear for the six cases,
while K° condensed phases occur only in the massive NSs
with the optical potential of antikaons of more than
Ugx =-100 MeV. The two points from the bottom on the
four lines represent | the threshold masses of the appear-
ance of K~ and K’ condensed phases for the optical
potential of antikaons Uy ——100 to —130 MeV, respec-
tively. The mass ranges of K’ condensed phases are
m=2.201-2.202 M, 2.136-2.141 M, 2.049-2.062 M,,
and 1.939-1.960 M, for the optical potential of antikaons
Ux =-100, —110,70—120, and -130MeV, respectively,
which mean that K~ condensed phases are very difficult to
occur in NSs cores compared to K~ condensed phases.
Figure 2 shows neutrino emissivities of the nucleonic
direct Urca processes for the different optical potential depth
of antikaons Uy as a function of the nucleonic density p,, in
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FI1GURE 1: Mass ranges of NSs including antikaon condensations as
a function of the optical potential of antikaons Uy =-80 to
—130 MeV.
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FIGURE 2: Neutrino emissivities of the nucleonic direct Urca
processes as a function of the nucleonic dens1ty py for the cases of
including and not including K~ and K’ condensed phases. For
comparison, the thick line represents the corresponding values in
npe y matter.

npe y and npe uK~ K’ matter. Nucleonic direct Urca pro-
cesses for e happen at about py, =0.2761 fm >, and then they
for u occur at about py, =0.3421 fm ™~ which lead to a steep
increase of neutrino energy losses. After that neutrino
emissivities of the nucleonic direct Urca processes decline
with the growth of the nucleomc densities py, and suddenly
dip down when K~ and K’ condensations appear at a given
optical potential of antikaons. This is because the presence of
antikaon condensations changes the nucleonic and leptonic
fractions. As the optical potential of antikaons gets deeper
and deeper, neutrino energy losses of the nucleonic direct
Urca processes can occur over a wide interval. Figure 3
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Ficure 3: Neutrino luminosities of the nucleonic direct Urca
processes as a function of NS mass (M).

presents neutrino luminosities of the nucleomc direct Urca
processes with and without K~ and K’ condensations as a
function of NS mass M. Neutrino luminosities from the
massive NSs are different for various center densities and NS
masses. The values of masses and the corresponding radii are
listed in Table 1 for the center densities p-y=0.5, 0.6,
0.7fm > and optical potential of antikaons Ux=-80 to
—130MeV. For the same center densities, the masses are
gradually reduced and the corresponding radii grow grad-
ually with the deepening of the optical potential of anti-
kaons, and neutrino luminosities of the nucleonic direct
Urca processes decrease for the case of pey =0.5fm™>, but
first increase and then decrease for the cases of p =0.6 and
0.7fm™’. In the case of py=0.5fm >, no K~ and K oc-
curred in NSs with the optical potential of antikaons
Uz =0-100 MeV, so that the values of mass, radius, and
luminosity are completely same for the potential range.
However, for the other two cases, neutrino luminosities
increase first because the declines of neutrino emissivities are
not enough to make up the growths of NS volumes based on
equation (17) and Table 1. The downward tendencies for
large potential show that the growths of NS volumes could
not compensate the losses for the reduced neutrino emis-
sivities caused by the deep optical potential of antikaons.
Furthermore, neutrino luminosities for the same NS mass
tend to decrease with the increase of the nucleonic density.
For the same increment of the nucleonic densities, the higher
the nucleonic densities, the lower the neutrino luminosities.
Neutrino emission is the main cooling mechanism for a
NS. Theoretical cooling curves for 12 combinations of the
center densities of pcy =0.5, 0.6, and 0.7 fm™> and optical
potential of antikaons of Uz =0, —90, —110, and —~130 MeV
for nonsuperfluid NSs are shown in Figure 4, which are
almost dlstlngulshable compared with the curve for 1.4 M
NS without K~ and K condensed phases. They are obtalned
through solving the cooling equation (13) on the basis of the
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TaBLE 1: Values of NS masses M and the corresponding radii R calculated for the center densities of poy = 0.5,0.6,0.7 fm™>

and optical

potential of antikaons Uz = 0, =80, =90, ~100, =110, —120, and —130 MeV. The critical temperature T, of the protonic 'S, superfluids is also

listed for Uz =0 to —130 MeV and pey = 0.5fm™>.

Ug (MeV) 0 -80 -90 -100 -110 -120 -130
Case no. 1 2 3 4 5 6 7
M (Mg, pey = 0.5fm™?) 2.051 2.051 2.051 2.051 2.039 1.972 1.887
M (Mg, pcy = 0.6 fm™%) 2.235 2.233 2.203 2.161 2.105 2.032 1.940
M(Mg, pey = 0.7 fm™?) 2.325 2.279 2.245 2.199 2.140 2.064 1.966
R(km, pey = 0.5fm ™) 13.050 13.050 13.050 13.050 13.065 13.126 13.178
R(km, poy = 0.6 fm™ %) 12.715 12.720 12.793 12.864 12.926 12.974 12.997
R(km, pey = 0.7 fm™%) 12.347 12.526 12.593 12.647 12.684 12.692 12.714
T, (107k, pey = 0.5 fm”™ %) 24.924 31.078 30.656 30.274 22.394 0.708 0.459
6.0 — T T T T 6.0 0538 £ 2817 PSR BOGS6+ 14
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FiGURE 4: Theoretical cooling curves for the nonsuperfluid NS
matter compared with the cooling of a nonsuperfluid 1.4 M, star
with Uz =0 MeV. The initial time (t) =50 years.

isothermal interiors approximation of NSs. The minimum
mass is 1.887 M, of 12 combinations with a cooling rate
much faster than that of 1.4 M, NS. Large optical potential
of antikaons leads to the mass decrease for a constant center
density, but makes NS warmer. Figure 5 shows the theo-
retical cooling curves of 7 center density poy=0.5fm™>
considering and not considering the protonic 'S, super-
fluids, compared with the cooling of a 1.4 M, star with the
critical temperature T, =1.428K of the protonic 'S, su-
perfluids and without K~ and K’ condensed phases. Ef-
fective surface emissions from 7 isolated cooling pulsars
have been measured and compared with theoretical cooling
curves [45]. The values of critical temperature T, with the
center density pey =0.5fm™> are also listed in Table 1. As
shown in Figure 5, the 7 massive NSs become warmer and
slow cooling after the protonic 'S, superfluids are consid-
ered. Furthermore, the cooling rates of nonsuperfluid NSs
slow down for the same center density in Figures 4 and 5,
while the cooling rates of NSs with the protonic 'S, su-
perfluids speed up for the deep optical potential of anti-
kaons. As a result, the gap between two kinds of theoretical
cooling curves with and without the protonic 'S, superfluids

Ug=0MeV, M =14M,
T, = 142782 x 10°K

FIGURE 5: Observational data of 7 pulsars J1357-6429, B1706-44,
J0538 + 2817, B2334+61, B0656+14, B0633+1748, and
J0357 + 3205 [45] compared with the cooling curves including the
protonic 'S, superfluids models in cores of NSs. Thick line is for the
cooling of a superfluid 1.4 M, star with T, = 1.428 K and without
K~ and K’ condensed phases

is becoming smaller and smaller. However, as shown in
Figure 5, the theoretical cooling curves are unable to in-
terpret observational data of 7 NSs whenever the protonic
'S, superfluids are considered or not. Particularly, according
to Table 1 and Figures 2 and 3, when the center density
pen=0.5fm > and Uz =0, —80, 90, and —100 MeV, the
masses, radii, neutrino emissivities, and luminosities are
same, as well as no K~ and K condensations occur for 4
cases. The difference is caused by the different critical
temperatures of the protonic 'S, superfluids which is also
attributed to the differences of the optical potential of
antikaons [31] Similarly, when Ug=-110, -120, and
~130MeV, K* condensed phases st1ll do not appear at the
center density poy =0.5fm ™. However, K~ condensations
present and cause a series changes of the global properties of
NSs. For instance, when the center density pcy =0.5fm ™,
the masses decrease and the corresponding radii increase,
critical temperatures of the protonic 'S, superfluids,



neutrino emissivities, and luminosities are gradually reduced
for the large optical potential of antikaons (see Figures 2 and
3 and Table 1). These changes result in speedy cooling of the
massive NSs due to K~ condensations.

4. Conclusion

We have studied the cooling properties of the massive NSs
by including antikaon condensations in the RMF, BCS, and
NS cooling theories. Nucleonic direct Urca processes and the
protonic 'S, superfluids are considered at neutrino cooling
stage of the massive NSs. If the optical potential of antikaons
is a constant, neutrino energy losses of the nucleonic direct
Urca processes for e and y have downward trend as the
nucleonic density increases. They decline precipitously when
the nucleonic densities equal to the threshold densities of K~
and K’ condensations. When the nucleonic density is a
constant, neutrino luminosities of the massive NSs present
the trend of decreasing or first increasing and then de-
creasing when the optical potential of antikaons gets large. If
the mass of a NS is a constant, neutrino luminosities also
decrease as the nucleonic density is growing. For a constant
center density of a nonsuperfluid massive NS, the cooling of
the massive NS shows a gradual warming trend with the
larger optical potential of antikaons. Yet when the protonic
1S, superfluids are considered in a constant center density of
a massive NS, they can quicken the NS cooling. In addition,
the difference between the cooling rates of them is getting
smaller and smaller, following the growth of the optical
potential of antikaons. More detailed thermal radiation data
about the massive pulsars can help to determine if antikaon
condensed phases appear in the cores of the massive pulsars.
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