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Abstract: In the framework of the relativistic mean field theory, the effects of the 6 meson on the direct Urca
(DURCA) processes are investigated. In a neutron star, the DURCA processes involving nucleons, A and E~
can take place while the process involving the Z° can not. With the inclusion of the & meson, the threshold
densities for the DURCA processes become lower. With the 4 included, the threshold neutron star mass for the
DURCA process among nucleons and electrons becomes smaller while the threshold masses for the processes
involving hyperons become larger. When the § meson is included, the total neutrino emissivity remarkably

3

increases in the density range of 0.32-0.41 fm™°. The total neutrino luminosity increases with the neutron

star mass first and then decreases. The neutrino luminosity gets larger with the inclusion of the § meson. The
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cooling of the EXO0748-676 is sensitive to the isovector scalar interaction.
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1 Introduction

A neutron star is born at an interior temperature
greater than 10" K immediately after the supernova
explosion, however, the temperature drops to 10° K
after several minutes. Neutrino emission dominates
the cooling of the star over the first 10* — 10° years
until the temperature falls to < 10° K and the photon
emission overtakes neutrino emission. With the de-
velopment of observations and theoretical knowledge,
much greater attention is being paid to the cooling of
neutron stars [1-7]. So far, the cooling models have
been divided into two categories: slow cooling [1, 8]
and enhanced cooling [3, 4, 9]. The latter mainly in-
cludes the direct Urca (DURCA) process. The cool-
ing via the DURCA process is more rapid than that
via the other processes. The previous researches show
that the neutrino emissivity from the DURCA porcess
depends sensitively on the composition of the Neu-
tron star core.

The relativistic mean field theory (RMFT) is now
widely used to describe the neutron star core. The
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RMFT includes o-w-p mesons. The isovector scalar
channel is never contained since it is not expected to
play an important role for the nuclei.
tor scalar channel can be introduced through a cou-
pling to & (a0(980)) meson and actually the d-meson
exchange is an essential ingredient of all nucleon-
nucleon realistic potentials. The role of the & meson
was studied some years ago [10, 11]. Previous investi-
gations indicated that this isovector scalar meson had
definite contributions to isospin-asymmetric matter,
leading to a harder equation of state (EOS) at densi-
ties larger than ~ 1.5p,. Therefore, in dense matter
such as neutron star matter, the effects of the & meson
should be important and the isovector scalar channel
should be turned on. At present, neutron stars with
the inclusion of the & meson have been investigated
[12-17]. These investigations show that the composi-
tion of the neutron star is changed when the & meson
is included. Consequently, the DURCA process in the
neutron star should also be changed. An interesting
issue is that of what the effects of the d meson are on
the DURCA process. Moreover, the hyperons may

The isovec-
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appear in neutron stars since their presence can soften
the EOS. In fact, some authors [5, 18] have stud-
ied the DURCA process involving hyperons. The hy-
peron species they considered are A, and =. How-
ever, recent research [19-21] seems to show that the
> hyperon could not exist in neutron stars. The ex-
clusion of the ¥ hyperon changes the composition of
the neutron star and consequently should change the
DURCA processes. We may ask how the neutrino
emissivity via the DURCA processes changes after the
3 hyperon is excluded. This article aims to answer
the above questions in the framework of the RMFT
with the & meson included.

2 The theory model

In the RMFT, the Lagrangian density of neutron
star including the & meson is,

L=Lg+Ly+L, (1)
with,
Lg = ZE WMa - MB_géBT 5 gdBU)
B

—Gaon V" = GonVu T P10, (2)
1 m 2 2 L s
Ly = 5(8‘”78 o—mio )—U(U)—&—imwwuw“
1 n )
—|—2mppu Pl 4= (a §-0"5—m?26%)
1 1
_ZFWF”U_ZGWGW’ (3)

and L, standing for the contribution from leptons.

Fuv :auwv_aku7 Guv :auﬁv _avp_;m
and

1 1
U(o)= §CLO'3 + Zba4

[15]. The baryon species are denoted by B. In neutron
star matter, the chemical equilibrium among baryons
and leptons implies the relation,

HB = Hn — (qBHe-

Electrical neutrality requires

488 + GePe + qup. =0, (4)

where ¢p stands for the electric charge of baryon B.
In the mean field approximation, the field equations
for mesons are,

ZgaBpSB
B

ZngpB = mi,wov (6)
B

m2o+ao® +bo?, (5)

m?)p07 (7)

ZgPBpBISB
B

ZgéBpSBISB = m§607 (8)
B

where psg and pg are the scalar and vector densities
of baryon B, respectively. They are,

1 M,
psp = — | Akl —2—, (9)
2 J, k2 + M;?

1 2
Here, M7, denotes the effective mass of baryon B,
MEZMB_QUBUO_IBBgéB(SO- (11)

where I5g denotes the isospin of the baryon B.
Solving the above equations consistently, the

DURCA processes can be calculated. The four re-

actions among baryons and electrons are as follows:

n—p+e+v, (A),
A—p+e+v, (B),

ET—Ate+v, (O),

(1]

- —E=+e+v. (D).

There are also reactions among baryons and muons.
They have the similar forms and hence are not listed.

Table 1. The weak constants. 6.=0.23140.003,
F=0.477+0.012, D=0.756+0.011 [5].
process C f1 g1
A cosOc 1 F+D
B sinf, —/3/2 —/3/2(F+D/3)
C sinfc V/3/2 V/3/2(F—-D/3)
D cosfOc 1 F—-D

In the following, the above processes are referred to as
A, B, C and D processes, respectively. The emissivity
due to the neutrino emission can be derived from the
Fermi Golden Rule. The specific expression of the
energy loss ) per unit volume has the form of [3],

457G (f2 +3¢2)
10080Ac5

Gr=1.436 x 107 erg cm? is the weak-coupling con-
stant. © is the step function corresponding to the
triangle condition. C, f;,g; are decided by the weak
constants. Their values are listed in Table 1. p, is
the chemical potential of the lepton.

Q= TGmglmEQMlga (12)
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3 Results

The effect of the 6 meson leads to a larger symme-
try energy [10]. With a larger symmetry energy, the
proton abundance in neutron star matter increases.
The increment of the proton abundance corresponds
to the increment of the proton Fermi momentum.
Consequently, the triangle conditions for nucleons
and electrons are satisfied at a lower density. As
shown in Fig. 1, the threshold density for the pro-
cess A is 0.27 fm™ (0.34 fm™2) when the & meson
is included (excluded). The effect of the & meson
leads to a lower threshold density for the process A.
The neutron star mass corresponding to the thresh-
old density is marked as circles in Fig. 1. With the
0 meson, only when the neutron star mass is larger
than 1.03 Mg, can the process A take place in the
star, while without the & meson, the threshold mass is
1.10 M. The inclusion of the & meson decreases the
threshold mass for the process A. The § meson makes
the nucleon effective mass split (see Eq. (11)). The
splitting of the effective mass results in the increment
of the neutrino emissivity (see Eq. (12)). Therefore,
with the inclusion of the 6 meson, the neutrino emis-
sivity of the process A increases (see Fig. 1). As the
density increases, two curves in Fig. 1 are closer and
closer. This means the effect of the d meson on the
neutrino emissivity of the process A is suppressed at
high densities.

1.0
103 M

P 0.8 pre—nt+v
A n\\ n—ptetv
T LM
£ 06 F
2
=
-.‘.E‘-}\
= 04+
S 0.2

0 0.2 0.4 0.6 0.8 1.0 1.2

Plsl"fm_"

Fig. 1. The neutrino emissivity of the process

A. The threshold neutron star masses for the
process A are marked as circles in the figure.

The introduction of the isovector-scalar interac-
tion changes the threshold conditions for hyperons
[17]. Consequently, the threshold densities for the di-
rect Urca processes involving hyperons are shifted to
lower densities. As shown in Fig. 2, with (without)
the 6 meson included, the process B begins to happen

at pp=0.38(0.42) fm~* while the process C begins to
happen at pp=0.43(0.49) fm~2. For the process B,
the threshold mass is 1.44 M, (1.38 M) with (with-
out) the & meson included. For the process C, the
threshold mass is 1.55 Mg, (1.52 M) with (without)
the  meson. The inclusion of the  meson results in
a larger threshold mass for the direct Urca processes
involving hyperons. This is different from the cases
of the process A. One can also see from Fig. 2 that
the inclusion of the § meson results in larger neutrino
emissivity of the process B. The neutrino emissivity
of the process C is not sensitive to the inclusion of the
& meson. As the density increases, the 6 meson effect
on the neutrino emissivity of the process B decreases.
The threshold density for the process D is too high,
even higher than the maximum central density of the
neutron star. Therefore, in the neutron star, the pro-
cess D can not happen.
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Fig. 2.
B (upper panel) and C (lower panel). The

The neutrino emissivity of the process

threshold neutron star masses for the process
B and C are marked as circles in the figure.

Besides the processes among baryons and elec-
trons, the processes among baryons and muons can
also take place in the neutron star. The processes
involving muons have different thresholds from those
involving electrons. However, they lead to the same
neutrino emissivity according to Eq. (12). So, the
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figures about muons are not presented in this article.
Fig. 3 shows the total neutrino emissivity. It includes
the contributions of the process A, B and C as well as
the similar processes involving muons. As the density
increases, the total neutrino emissivity reaches peaks.
with (without) the & meson, at pg=0.32(0.41) fm—3,
the total neutrino emissivity goes up remarkably. The
reason is that the process among nucleons and muons
begins to happen at pg=0.32(0.41) fm~3 when the 5
meson is included (excluded). For the same reason,
the other peaks in Fig. 3 correspond to the densities
where new processes (B, C and the similar processes
involving muons) happen. One can see that the in-
crement of the total neutrino emissivity caused by
the inclusion of the 6 meson is remarkable at densi-
ties pp=0.32-0.41 fm 3. In this region, the increment
is nearly 150%. However, when the density exceeds
0.5 fm 3, the effect of the 6 meson is suppressed with
further increase of the density.
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Fig. 3. It in-
cludes the contributions of the process A, B

The total neutrino emissivity.

and C as well as the similar processes involv-
ing muons.

Figure 4 shows the total neutrino luminosity as a
function of the neutron star mass. As the mass in-
creases, the total neutrino luminosity increases first
then decreases. There is the maximum mass with
which the neutron star cools fastest. The maximum
value is 1.74 (1.76) M when the & meson is included
(excluded). There is a special mass region where two
different star masses can correspond to the same neu-
trino luminosity. When the & meson is included (ex-
cluded), one can read that the special mass region
is 1.66-1.76 (1.70-1.78) M, which corresponds to
the region bounded by the line AB (CD) in Fig. 4.
It can also be seen that with the inclusion of the &
meson, the total neutrino luminosity becomes much
larger.
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Fig. 4. The total neutrino luminosity. In
the region bounded by the line AB (CD),
two different masses can correspond to the
same neutrino luminosity. The luminosity of
the EXO0748-676 is marked as circles in the
figure.

The X-ray Binary EXO0748-676 [22] was observed
by the XMM-Newton observatory [23] during its com-
missioning and calibration phases for almost half a
million seconds, spread over six satellite orbits be-
tween February 21 and April 21, 2000. A redshift
2=0.35 is obtained for the EXO0748-676, which cor-
responds to the ratio of M/R=0.15. With the 6 meson
included (excluded), the EXO0748-676 has a mass
1.77 (1.76) M, with a radius of 11.8 (11.7) km.
The & meson effect on the mass of the EXO0748-676
is very small. However, its effect on the total neu-
trino luminosity is very large. With the d meson in-
cluded (excluded), the neutrino luminosity is 4.0*
(2.4%%) TSerg-s~'. The effect of the § meson increases
the luminosity of the EXO0748-676 almost by 67%.
This implies that the observation on the cooling of
the EXO0748-676 should be helpful for studying the
isovector-scalar interaction between baryons.

4 Conclusions

In the framework of the RMFT, this article stud-
ies the effect of the § meson on the DURCA process in
neutron stars. In neutron stars, the process A, B and
C can take place while the process D can not happen.
The inclusion of the & meson leads to lower thresh-
old densities for the direct Urca processes. The total
neutrino emissivity becomes larger when the & meson
is included. The threshold mass for the process A
is shifted to smaller mass with the inclusion of the 6
meson while the threshold masses for the process B
and C are shifted to larger masses. The total neutrino
luminosity increases with the star mass first and then
decreases. In the special mass region, two different
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masses can have the same luminosity. With (without)
the inclusion of the & meson, stars with the mass of
1.74 (1.76) Mg, cools fastest. For the EXO0748-676,
turning on the isovector-scalar channel increases the
total neutrino luminosity remarkably.

It is interesting to compare this work with the
In Ref. [5], the triples of the X
hyperons are considered. Here, the ¥ hyperons are
excluded. The exclusion of the ¥ hyperons changes
the threshold condition for the = hyperon and conse-
quently makes the process C become present in the

previous papers.

neutron star. The contributions to the neutrino emis-
sivity from the ¥ hyperon is larger than that from the
= hyperon. Hence, the exclusion of the X slowers the
cooling of the neutron star. In Ref. [10], the effects of
the & meson on nuclear matter become obvious only
when the density is high enough [10]. However, the &
meson effect on the neutrino emissivity of the neutron
star is obvious only in the mediate density region.

When the density becomes higher still, the effects of
the & meson become very small. This behavior is
similar to the case in Ref. [17], where the 0 meson
effects on the composition of protoneutron star mat-
ter are also negligible at high densities. Therefore,
the effects of the 6 meson on P-equilibrated neutron
star matter are some different from those on nuclear
matter. The previous papers [12-17] also show that
the 6 meson effects on the star mass and radius are
very small. So the observations on the star mass can
not be used to define the isovector-scalar interaction
between baryons. In this article, one can see that
the & meson has remarkable influences on the cool-
ing of the star. For the EXO0748-676, the increment
of the total neutrino luminosity caused by the & me-
son reaches almost 67%. Therefore, the observation
of the cooling of the EX00748-676 should be helpful
for studying the isovector-scalar interactions between
baryons.
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