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Abstract:

Based on covariant density functional theory, we study the effects of rotation on the nucleon direct

URCA (N-DURCA) process for traditional and hyperonic neutron stars. The calculated results indicate that, for a
fixed mass sequence of rotational traditional neutron stars, the neutrino emissivity of the star is nearly invariant with

increasing frequency, while it always increases for rotational hyperonic neutron stars. Thus, rotation has different
effects on the N-DURCA process for these two kinds of neutron stars.
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1 Introduction

Neutron stars have particularly high internal tem-
peratures (10''—10'? K) when they are born in super-
nova explosions. Their temperature then decreases to
less than 10*° K within minutes [1]. The long-term cool-
ing of neutron stars involves neutrino emission from the
interior and photon emission from the surface. Neutrino
emission dominates for about 10° years, until the sur-
face temperature is less than 10° K [2]. Up to now, all
the observed isolated cooling neutron stars whose ther-
mal surface radiation has been detected are dominated
by neutrino emission [3].

To understand the neutrino emission of cooling neu-
tron stars, several neutrino emitting processes have been
proposed in previous studies [4, 5]. Among all the pro-
cesses, the simplest and most effective neutrino emitting
process is the direct URCA process:

Bl—)B2+1+'\7], B2+1—>B1+'V1, (1)

where B; and B, are baryons (nuclei or hyperons), and
1 is a lepton (electron or muon). Accordingly, the di-
rect URCA process can be divided into the nucleon di-
rect URCA (N-DURCA) and hyperon direct URCA (Y-
DURCA) processes. The N-DURCA process can be writ-
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ten as:
n—p+l+v,, p+l—n+v,. (2)

If 1 is an electron (muon), it corresponds to the electron
(muon) N-DURCA process. Considering the momentum
conservation and charge neutrality condition, Ref. [2]
pointed out that the N-DURCA process can take place
if the proton fraction is larger than a critical value (zpy)
in the range 11.1%-14.8%.

When the density is larger than 2—-3 times the satu-
ration density, hyperons appear in the neutron stars [6].
References [7-11] have studied the effects of hyperons on
the N-DURCA process and suggested that the existence
of hyperons can reduce the neutrino emissivity of the
N-DURCA process. The hyperon direct URCA process
also exists once the A hyperon appears [12]. Further-
more, the superfluidity of hyperons can also affect the
cooling of neutron stars [13-15]. In this paper, we focus
on the simplest N-DURCA process. The more compli-
cated hyperon direct URCA process will be discussed in
future work.

It is well known that neutron stars are rotational. Ro-
tation can change the properties of neutron stars, such
as mass, radius, and so on. Reference [16] first discussed
the effects of rotation on the N-DURCA process, using
the MDI equation of state (EOS), which is constrained
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by the available data in relativistic heavy-ion collisions.
They suggested that the proton fraction could drop be-
low zpy with the increase of frequency and thus make
the N-DURCA process impossible. Reference [17] stud-
ied the same effects by employing the APR EOS, which
uses the variational chain summation methods and the
new Argonne vz two-nucleon interaction, and came to
the same conclusion. Up to now, the N-DURCA process
for rotational hyperonic neutron stars has not been dis-
cussed. The neutrino emissivity of the N-DURCA pro-
cess for rotational neutron stars was not calculated in
the previous studies.

Based on the above considerations, we have studied
the effects of rotation on the N-DURCA process of tra-
ditional and hyperonic neutron stars. The baryon octet
was fully considered in our calculations. The paper is
organized as follows. Section 2 introduces the formalism
used in the calculations. In Section 3, we show the ef-
fects of rotation on the N-DURCA process. Finally, a
summary is given in Section 4.

2 Formalism

There are many relativistic theories used to study
neutron stars. However, as far as we know, the baryon
octet has been fully considered in only four theories,
namely, relativistic mean-field (RMF) theory [18-21],
quantum hadrodynamics [22], quark meson coupling
(QMC) [23] and quark mean field theory [24] . These
four theories can be divided into two kinds: (1) the RMF
and quantum hadrodynamics theories consider that the
baryons interact via the exchange of mesons; and (2) the
QMC and quark mean field theories consider the internal
structure of baryons based on the quark degree of free-
dom. In the present work, we choose one representative
theory from each kind, i.e., the RMF and QMC theories.

The RMF theory adopts the relativistic Hartree ap-
proach with the no-sea approximation. With a limited
number of free parameters, including the meson masses
and meson-nucleon coupling constants, the RMF the-
ory has achieved great success in the description of nu-
clear matter and finite nuclei in the past several decades
[18, 19]. The RMF theory has also been used to study
neutron stars and obtained a lot of valuable results
[20, 25-32]. The starting point of the RMF theory
is an effective Lagrangian density which considers two
isoscalar mesons (o and w) and one isovector meson (p).
The effective Lagrangian density for neutron stars is:

L= p[iv"0—mp—gon0—gunVwu—gonV o Py
B

1- 1 1
—ey" A, %]¢B+§5H03”0—5m2602—U(0)
- 1 1
+ wx(wuau_mx)%—waw“"-i-imiwuw“
A=e—,u—

1 1
FU (W)= 70m P+ 5m0 0" (3)

The specific meanings of each parameter can be found in
Ref. [20].

On the other hand, the recent developed chiral
quark - meson coupling (CQMC) model has been used
to simulate neutron stars [23, 33]. In this model, the
properties of nuclear matter can be self-consistently cal-
culated by the coupling of scalar and vector fields to the
quarks within nucleons [34, 35], and the quark - quark
hyperfine structures due to the exchanges of gluons and
pions are included based on chiral symmetry [36-38].
The Lagrangian density of the CQMC theory for neu-
tron stars is shown below. It is similar to that of RMF
theory but an additional 7t meson field is needed:

— 1
L= Zd)B (i”yua“—mB)i/)B—FE (0,00"c—m?0?)
B
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+gmiwuw“—ZW#VW“"+—m2p#~p“

2 P
1 1 9 o
——R,,-R"+-(9,mw0"nt—m ")

4 2
+;EB [gO'B(U)U_ngFYuwu_FgLMBUuyaupu'IB

_fT[B

Mn
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V5. 010 Is]s

Based on RMF theory, we adopted four EOSs to
simulate neutron stars, namely, GL97 [39], PK1 [40],
PKDD [40], and TM1 [41]. In addition, the MYN [23]
and MCS [33] EOSs from CQMC theory are also adopted
to compare with the RMF EOSs. The calculated EOSs
are given in Fig. 1. The corresponding effective inter-
actions with hyperons are denoted by adding “H”, e.g.,
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Fig. 1. (color online) The equations of state for

neutron stars from RMF and CQMC theory with-
out (solid lines) and with (dotted lines) hyperons.
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GL97H. The meson-hyperons coupling constants and
meson-nucleons coupling constants were fixed based on
Ref. [42] for RMF EOSs, Ref. [23] for MYN EOS, and
Ref. [33] for MCS EOS. The EOSs of the neutron star
crust were replaced by the Negele and Vautherin EOS
[43] and Baym-Pethick-Sutherland EOSs [44] for the in-
ner and outer crust, respectively. As shown in Fig. 1, the
EOSs without (solid lines) and with (dotted lines) hyper-
ons are the same at low densities. However, the EOSs
with hyperons are apparently softer than those without
hyperons at high densities.

To show the compositions of the neutron stars, we
present the particle fraction (X;=n;/ng) as a function
of particle density (p) for PK1, PKDD, MYN and MSC
EOSs without (a) and with (b) hyperons in Fig. 2. We
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Fig. 2.
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can see from Fig. 2(a) that the compositions of all the
EOSs exhibit the same tendency and only the fractions
are a little different. However, as shown in Fig. 2(b),
Y.~ is the first hyperon appearing at 0.23 (0.22) fm = for
PKDD (PK1) EOS. More positive protons are needed
to satisfy charge neutrality. On the other hand, only
=~ appears at 0.57 fm~—2 in neutron stars for the MYN
EOS, although the baryon octet is considered. This is
because the Fock contribution enhances the repulsive ef-
fect mainly through w mesons at supra-nuclear densities
but the creation of =~ is promoted by the inclusion of the
tensor coupling with p mesons [45, 46]. Similarly, only A
and X~ appear for the MCS EOS. It can be clearly seen
that the particle types and fractions for the two kinds of
EOSs shown here are quite different.
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(color online) The particle fraction (X;=ni/ng) as a function of the particle density (p) for PK1, PKDD,

MYN, and MCS EOSs without (a) and with (b) hyperons. Each particle is labeled by its name.
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Numerical calculations of rotational neutron
stars have been performed using the RNS code
(http://www.gravity.phys.uwm.edu/rns/). In the code,
stationary configurations of rigidly rotational neutron
stars are computed in the framework of general rela-
tivity by solving the Einstein equations for stationary
axi-symmetric spacetime. More details about the code
can be found in Ref. [47-51] and references therein.

To study the effects of hyperons and rotation on the
N-DURCA process, we calculated the neutrino emissivity
of the N-DURCA process. In Ref. [2], a nonrelativistic
expression was derived for calculating the neutrino emis-
sivity of the N-DURCA process. In 2001, a relativistic
expression was presented in Ref. [52, 53]. As the EOSs
adopted in the present work were calculated from rela-
tivistic theories, we thus self-consistently employed the
relativistic expression to calculate the neutrino emissiv-
ity. The relativistic expression is given by

4507
Qr = 10030 G2C*T°[f191((eB, +eB, )P}
_(EBI _EBz)(szl _p2B2 ))—FQQ%,L“M%I M];g

+(f12+g$)(ﬂl(2531 €B, _Mgl M§2)+531p12

1
—5 (e, ten,) (ph, —P5,+07))|O (P +1h, —1, ),
(5)

where Gy =1.436x107* erg cm?® is the weak coupling
constant; C'=cosf,(sinf.)=0.973(0.231) for a change of
strangeness |AS|=0(1); T is the temperature; f; and
g1 are the vector and axial-vector coupling constants; i,
and p, are the chemical potential and Fermi momenta of
leptons I; eg,, pg, and My are the kinetic energy, Fermi-
momenta and effective mass of baryons B;; and ©(z)=1
if x>0 and zero otherwise. The total neutrino emissiv-
ity in this paper is the sum of the electron and muon
N-DURCA processes.

3 Results and discussion

3.1 Neutrino emissivity of rotational traditional
neutron stars

The effects of rotation on the N-DURCA process us-
ing the MDI and APR EOSs for traditional neutron stars
(composed of B-equilibrium nuclear matter) were studied
in Refs. [16] and [17] respectively. They suggested that
the proton fraction could drop below zpy with increas-
ing rotational frequency, and thus make the N-DURCA
process impossible. However, they only studied mass se-
quences whose proton fractions are close to Tpy.

We adopted the effective interactions from the RMF
and CQMC theories to calculate the EOSs and employed
the RNS code to simulate rotational traditional neutron
stars. The calculated results are shown in Fig. 3, in-
cluding the particle density (p.), proton fraction (X,),

electron fraction (X.), muon fraction (X,), and total
neutrino emissivity as a function of the rotational fre-
quency (f) for PKDD and MYN EOSs. Four baryonic
mass sequences of neutron star from 0.9 to 2.1 My have
been fixed. The horizontal dashed lines in (b) represent
zpy for PKDD and MYN EOSs, respectively. As shown
in Fig. 3, all p., X,,, X. and X, decrease with increasing
rotational frequency for a fixed baryonic mass sequence.
In addition, we can see from Fig. 3(b) that X, for 1.3
~ 1.7 My of the MYN EOS can drop below zpy, and
thus the N-DURCA process becomes impossible, which
is consistent with the results suggested by Refs. [16] and
[17]. Similarly, the N-DURCA process can become im-
possible for 0.9 ~ 1.3 M of the PKDD EOS with the
rotational frequency increase.

To study the mass dependence of neutrino emissivity
for traditional neutron stars, the total neutrino emissiv-
ity of several mass sequences has been calculated and the
results are presented in Fig. 3(e). As shown in Fig. 3(e),
the neutrino emissivity is nearly invariable with increas-
ing rotational frequency for a fixed baryonic mass se-
quence and the maximum change of neutrino emissiv-
ity is 5%, 5% (0.8%) and 2% (3%) for 1.3, 1.7 and 2.1
My, respectively of the PKDD (MYN) EOS, if the break
of 2.1 M, is ignored. The break appears due to the
muon N-DURCA process being forbidden at 794 (996)
Hz and only the electron N-DURCA process existing at
higher frequencies for the PKDD (MYN) EOS. p. de-
creases with increasing f as shown in Fig. 3(a), while the
corresponding neutrino emissivity changes little, which
indicates the neutrino emissivity is not determined sim-
ply by the particle fractions.

To study the EOS dependence of neutrino emissivity
for traditional neutron stars, the total neutrino emissiv-
ity as a function of the rotational frequency for RMF and
CQMC EOSs without hyperons is presented in Fig. 5(a).
The baryonic mass sequence is fixed as 1.6 M, for all the
EOSs. We can see from Fig. 5 that the neutrino emissiv-
ity is invariable with increasing rotational frequency for
all the EOSs.

Based on the present calculations, though the rota-
tion obviously changes the particle fractions of neutron
stars, the neutrino emissivity is nearly invariable for tra-
ditional neutron stars with a fixed baryonic mass, which
is independent of the EOSs and the mass of the star.

3.2 Neutrino emissivity of the rotational hyper-
onic neutron star

As mentioned above, hyperons could suppress the
neutrino emissivity of the N-DURCA process while ro-
tation has no apparent effect on it. However, for a ro-
tational hyperonic neutron star (including strangeness
bearing baryons), the effects of hyperons and rotation
on the N-DURCA process must be considered simulta-
neously.
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(color online) The central particle density (pc), proton fraction (X5), electron fraction (Xe), muon fraction

(Xy), and neutrino emissivity (@) as a function of the rotational frequency (f) for PKDD and MYN EOSs. Four
baryonic mass sequences of neutron stars from 0.9 to 2.1 My are selected. The horizontal dashed lines in (b)
represent zpu for PK1 and MYN EOSs. All lines start at the static limit and end at the Keplerian limit.

In order to study the effects, we adopted the effective
interactions from the RMF and CQMC theories to cal-
culate the EOSs with hyperons and employed the RNS
code to simulate rotational hyperonic neutron stars. The
calculated results of several baryonic mass sequences of
neutron stars involving hyperons are given in Fig. 4. The
baryonic mass sequences are selected from 1.2 M (2.0
M) where hyperons appear, to the maximum baryonic
mass sequence for the PKDDH (MYNH) EOS. It can
be seen in Fig. 4(a) that p. still decreases with increas-
ing f for a fixed baryonic mass sequence. As shown in
Fig. 4(b), X, decreases with increasing f for the selected
mass sequences, except for the results for 2.2 M of the
PKDDH EOS. These tendencies can be understood by
the relationship of X,~p in Fig. 2(a). For the PKDDH
EOS, X, increases with increasing p up to p= 0.55 fm =3

and then X, decreases. As p. of 2.2 M, is larger than
0.55 fm ™3, the relationship of X, ~ f exhibits the oppo-
site behavior to the others. In Figs. 4 (¢) and (d), both
the relationships of X.~ f and X, ~ f can be understood
by Xi~p in Fig. 2 in the same way.

To study the mass dependence of neutrino emissiv-
ity for hyperonic neutron stars, the neutrino emissivity
of the N-DURCA process as a function of the rotational
frequency (f) for the PKDDH and MYNH EOSs is pre-
sented in Fig.4(e). It is interesting to find that the neu-
trino emissivity of a rotational hyperonic neutron star
increases with increasing f for all the mass sequences,
no matter whether X, increases or decreases. To be
more precise, the neutrino emissivity increases by about
11%, 69%, 196% for 1.2, 1.7, 2.2 M, respectively of the
PKDDH EOS, and 9%, 21%, 32% for 2.0, 2.1, 2.2 M
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(color online) Similar to Fig. 3 but for the PKDDH and MYNH EOSs. 1.2 and 2.0 M are the mass
sequences where hyperons just appear for these two EOSs, and 2.2 M is the maximum baryonic mass sequence.
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(color online) The neutrino emissivity (Q) as a function of the rotational frequency (f) for the RMF and

CQMC EOSs without (a) and with (b) hyperons. The baryonic mass sequence is fixed as 1.6 M, for all the EOSs.

respectively of the MYNH EOS. It is shown clearly that
the neutrino emissivity increases with increasing f for all
the mass sequences. The decrease of neutrino emissiv-
ity can be attributed to the overall effects of the terms
needed in Eq. (5), including the Fermi momentum and
chemical potential of leptons, Fermi momentum, effec-

tive mass and kinetic energy of the proton and neutron.

To study the EOS dependence of neutrino emissivity
for hyperonic neutron stars, the total neutrino emissivity
as a function of the rotational frequency for the RMF and
CQMC EOSs with hyperons is presented in Fig. 5(b).
The baryonic mass sequence is fixed as 1.6 M, for all
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the EOSs. We can see that the neutrino emissivity of all
the EOSs increases with increasing rotational frequency,
except for the MYNH and MCSH EOSs, because no hy-
perons exist in a neutron star with 1.6 M constructed
by these two EOSs. Thus, the neutrino emissivity in-
creases with increasing rotational frequency for all the
EOSs with the existence of hyperons.

In short, our calculated results indicate that the neu-
trino emissivity of the N-DURCA process can increase
with increasing rotational frequency for a rotational hy-
peronic neutron star, which is different from the invariant
tendency of a rotational traditional neutron star given in
Fig 3(e). Thus, the effects of rotation on the N-DURCA
process for traditional and hyperonic neutron stars are
apparently different.

4 Summary

Based on the relativistic mean field model and chi-
ral quark - meson coupling model, we have studied the

effects of rotation on the N-DURCA process of neutron
stars. The neutrino emissivity of rotational neutron stars
has been calculated for the first time. We find that, for
a fixed baryonic mass sequence of a traditional neutron
star, the rotation may make the N-DURCA process im-
possible, which is consistent with the results suggested
by Refs. [16] and [17]. Our present work further indi-
cates that the neutrino emissivity is nearly independent
of the rotational frequency for a traditional neutron
star. For a fixed baryonic mass sequence of rotational
hyperonic neutron stars, the neutrino emissivity of the
N-DURCA process can increase with the frequency in-
crease. The effects of rotation on the N-DURCA process
for traditional and hyperonic neutron stars are appar-
ently different, which is a possible way to analyze the
internal composition of neutron stars.

The authors express their sincere gratitude to Dr.
Miyatsu and Prof. Saito for providing the MYN and
MCS EOSs.
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