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Abstract. The influence of rotation on the total masses and radii of neutron stars is calculated by Hartle’s
slow-rotation formalism, while the equation of state is considered in a relativistic o-w model. As the changes
of the mass and radius of a real neutron star caused by rotation are very small in comparison with the
total mass and radius, one can see that Hartle’s approximate method is rational to deal with the rotating
neutron stars. If three property values, mass, radius and period, are observed for the same neutron star,
then the EOS of this neutron star could be decided entirely.

PACS. 04.40.Dg Relativistic stars: structure, stability, and oscillations — 95.30.Sf Relativity and gravita-
tion — 97.10.Kc Stellar rotation — 97.60.Jd Neutron stars

1 Introduction

Neutron stars are dense, neutron-packed remnants of mas-
sive stars after their supernova explosions. Recently, in
both experiment and theory, much interest is focused on
neutron stars mainly for two reasons [1-3]. One is to de-
termine the equation of state (EOS) of superdense matter,
and then to understand the early universe, its evolution
to the present day and the various astrophysical phenom-
ena; the other one is that the neutron star is one of the
most probable sources of detectable gravitational waves.
To understand neutron stars, the first thing to do is to un-
derstand their structure, such as the compositions, total
masses, radii, redshifts etc. Because of their strongly gravi-
tational field and high density, neutron stars must be stud-
ied in the framework of general relativity. For a static neu-
tron star, giving the EOS, using TOV equations [4], which
are deduced from the Einstein field equations, one can get
an exact solution. But for a rotating neutron star, the com-
ponents of the Einstein field equations become much more
difficult. Nowadays, several approximate solutions of this
problem have been developed [5,6], among which Hartle’s
slow-rotation formalism [7,8] is the most popular one.
The properties of neutron stars such as masses, rota-
tional frequencies, radii, moments of inertia and redshifts
are sensitive to the EOS of the matters [2,3]. As the in-
terior core contains most of the mass of a neutron star,
attention to the EOS is mostly focused on the neutron
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star core, that is on the matters at a density several times
above the nuclear matter saturation density. In the core
of a neutron star, the compositions still remain blurry in
some degree due to the high density and uncertainty of
strong interaction, but as density increases in the neutron
star, neutrons can drip out of nuclei and form a neutron
gas; and due to the chemical equilibrium and the electric
charge neutrality, there are at least protons and electrons
in neutron stars; on the other hand, as the density in-
creases, hyperons will be dominant in neutron stars [9]. In
this paper, Hartle’s formalism will be used to deal with
two kinds of rotating neutron stars: the traditional neu-
tron stars, in which n, p, e, u, are the main elements; and
hyperon stars, in which n,p,e, u, A, X, =, A are the main
elements (in fact, the compositions of the neutron star
may be much more complex than this). Their EOSs will
be considered in the relativistic o-w model.

In this paper, we adopt the metric signature — + ++,
G=c=1.

2 Hartle's slow-rotation formalism

In relativity, the space-time geometry of a rotating star in
equilibrium is described by a stationary and axisymmetric
metric of the form

ds? = —e2dt? + P dr? + €2 (dg — wdt)? + e#d¢?, (1)
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where w(r) is the angular velocity of the local inertial
frame and is proportional to the star’s rotational fre-
quency {2, which is the uniform angular velocity of the star
relative to an observer at infinity. Expanding the metric
function at second order in 2, one has [7]

e”:emﬁ+2@m+bﬂﬂ, 2)

2
e2N — {1 + ;(mo + moPy)

(-2 ]2

e = r2sin%0 [1 +2(vg — h2)P2}7 (4)
62“ = 7‘2 [1 + 2(1}2 — hg)P2:|, (5)

where ¥ and My(r) denote the metric function and the
mass of the non-rotating neutron star with the same cen-
tral density, respectively; Ps is the Legendre ploynomial
of order 2; the perturbation functions mg, ms, ho, ho, vo
are proportional to £22 and are to be calculated from the
Einstein field equations.

From the (¢, ¢) component of the Einstein field equa-
tions, one gets [7]

1d < 4 ‘dw>

A \"1g

rddr dr
where j(r) = e ¢[1 — 2My(r)/r]2, @ = 2 — w, which de-
notes the angular velocity of the fluid relative to the local
inertial frame. The boundary conditions are imposed as
w = W, at the center, ‘é—fbczo, where @, is chosen arbi-
trarily. Integrating eq. (6) outward from the center of the
star, one would get the function w(r). Outside the star,
from eq. (6) one has @(r) = 2 — 2/, where J is the total
angular mementum of the star, which takes the form [2]
J = %Ré‘é—‘ﬂr: Ro- Thus at the surface, one can determine
the angular velocity {2 corresponding to . as

J
R (7)

Adj
+ ;aw = 0, (6)

Q:(D(Ro) +2

In Newton’s theory, there exists a maximal rotating
frequency to the star formed by a perfect fluid, at which
there just comes into being a balance of gravitational
and centrifugal forces at the star’s equator. Exceeding
the maximal frequency, the star will engender mass shed-
ding at the equator. According to Newton’s mechanics and
Newton’s gravitational theory, one can get the maximal

frequency as
| M
Q2. =1\ —, 8
R )

in which, M, R are the mass and the radius of the star,
respectively. In the framework of general relativity, the
upper limit of the frequency, which is called Kepler fre-
quency, is the solution of the following equation [10]:

o v’ w'
.Qk =€ w\/w, + <27’(/}/6w

)+w+m 9)
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From the (t,¢) and (r,r) components of the Einstein
field equations, one gets two coupled ordinary differential
equations of mg and hg as [7,8]

dmg od(p + p) 1, do\?
ano _ 42 8P TP x4 aw
I U (p+p)po + 5777 3,
1 5d(5?) o
o3 1
3 dr (10)
dpf ~ mo(l+ 87r2p) 3 4rr?(p+p)
dr — [r—2My(r)]2 7 —2My(r) Po
1 4,2 \2 1 3,2-2
phorgn (de) LA E ren gy
12 r—2Mpy(r) \ dr 3dr [r—2My(r)
where pj = —ho + %Tze*QU(DZ + C; here C is a constant

determined by the demand that hg be continuous across
the star’s surface. These equations are also integrated out-
ward, with the boundary conditions that both mg and p§
vanish at the origin. With the same central density, the
difference between the mass of the rotating star and the
non-rotating star is

J2
OM = mo(Rp) + -3 (12)
Ry
The difference of the mean radius is
dp
or = —pp —. 13
r=-polp+r)y, (13)

3 Model for the EOSs —the relativistic o-w
model

There are several models to deal with superdense mat-
ters, such as non-relativistic models and relativistic field-
theoretical models [3]. In the different models, the frac-
tions of particles in superdense matters are different, and
then the bulk properties of superdense matters are differ-
ent, that is, their EOSs are different. Here the relativistic
o-w model will be adopted [11]. The Lagrangian density
of this model is

L= Z ’lZ}B (Z’Ypau +mp — 9doBO — ngIYleN
B

1 I 1 o 1 55
— 9B YT g )wB + E((90) — 3Me0
1 , 1 1, _.
_ZFMVF“ + imiwﬂw“ —U(o) - g P o
1 L - .
+§m,2,pu Y (7,0 — )y (14)
1
in which U(o) = ao + 3—1!003 + %da‘l, F = 0w, — 0wy,
Puv = Oupy — Oy Py, ¥p is the field operator of baryon B

(B = n,p for the traditional neutron stars, B = n,p, A,
XY, =, A for the hyperon stars); ¢ is the field operator of
lepton I (I = e, p); and o, w*, p* are the field operators
of the o-, w-, p-meson, respectively; g,B, 9B, gpB are the
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Fig. 1. Equation of state of traditional neutron stars (TNS)
and hyperon stars (HS).
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Fig. 2. The minimum rotational periods as a function of the
central density of TNS and HS when they rotate at their Kepler
frequency.

coupling constants between o-, w-, p-meson and baryon B,
respectively. In general, the coupling constants between o
(w or p) meson and neutron and proton are equal and de-
cided by the saturated property of nuclear matter (gyn =
Jops Jun = Jup) and the symmetry energy of nuclear mat-
ter (gop, Gup); mp,my,m;, (i = o,w,p) are the mass of
baryon, lepton, meson, respectively; 7 is the isospin opera-
tor. As to leptons, we assume they are free Fermi gas. From
this Lagrangian density, we can obtain the EOS of super-
dense matters, p = p(p), in which, p and p are the pressure
and energy density of superdense matters, respectively. In
the 1-loop approximation, the loop’s contribution to the
propagators of the nucleon and o-meson is considered, and
the renormalization is used to renormalize the divergent
part of the loop contribution (for neutron star matters,
the effect of considering the 1-loop approximation is not
very obvious). In the numerical calculation, we adopt the
following parameter values [11]: a = —2.1 x 10" MeV?, ¢ =
0.97x M, d = 1277, gs = 6.73, g, = 8.59, M,, = 938 MeV,
m,, = 783 MeV, m, = 550 MeV, m, = 770 MeV, and the
incompressibility of nuclear matter is 224 MeV, which is
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Fig. 3. Increment of the mass and radius of TNS compared
to that of non-rotating TNS at the central density p. = 3.5p0,
where po is the saturation density of nuclear matters.
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Fig. 4. Increment of the mass and radius of HS compared to
that of non-rotating HS at the central density p. = 3.5p0.

consistent with the experiment result [12,13]. From fig. 1,
it is clear that the EOS of traditional neutron stars is
stiffer than the EOS of hyperon stars.

4 Numerical results and discussion

In order to compare numerical results with observation, we
present some typical observation values here. As we know,
only a few masses have been determined in the observation
of more than a thousand neutron stars. There are two
typical observed mass data: 1.364-0.08 M [14] for double-

neutron-star binaries, and 1.871‘8:?%M® (Vela X-1) [15]
and 1.8+ 0.4Mq (Cygnus X-2) [16] for X-ray binaries.

The numerical results for the rotating traditional neu-
tron stars and hyperon stars in the relativistic o-w model
are shown in the following figures and table.

Figure 2 gives the minimum rotational periods as
a function of the central density of traditional neutron
stars and hyperon stars when they rotate at their Kepler
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Fig. 5. The total mass of non-rotating and rotating TNS as
a function of the central density, where the mass is in units of
solar masses.
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Fig. 6. The radius of non-rotating and rotating TNS as a
function of the central density.

frequency. From this figure one can see that all the cal-
culated minimum periods are smaller than the minimum
observational value of the periods of the pulsars, 1.6 ms [3];
from this fact, one can say that the adopted EOS may be a
rational one to describe neutron star matters. Comparing
fig. 2 with the following figures, it is easy to see that all the
following figures are calculated with rotating frequencies
smaller than the Kepler frequency.

Figures 3-4 show the changes of masses and radii be-
tween rotating neutron stars and non-rotating neutron
stars as a function of the rotational period. At a given
central density, it is easy to see that, as the neutron stars
rotate slowly, the increment of the masses and radii will
reduce sharply when the neutron stars’ rotational periods
are smaller than 1 ms. But as the periods become bigger
than 1.6 ms, which is the period of the fastest rotating
pulsars in observation [3], the change of the increment of
the masses and radii caused by the rotation will become
very weak, and the increment will not be higher than 2%.
As the changes of the mass and radius of a real neutron
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Fig. 7. The total mass of non-rotating and rotating HS as a
function of the central density, where the mass is in units of
solar masses.
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Fig. 8. The radius of non-rotating and rotating HS as a func-
tion of the central density.

star caused by rotation are very small in comparison with
the total mass and radius, we can see that Hartle’s ap-
proximate method is rational.

Figures 5-8 show the masses and radii of rotating and
non-rotating traditional neutron stars and hyperon stars
as a function of the central density at a given central angu-
lar velocity relative to the local inertial frame. From these
figures, one can see that around the typical observational
radii with value of 12 km, the increments of the radii are
bigger than the increments of other radii. In table 1, some
typical values of these figures are listed. For the hyperon
stars, the EOS is so soft that, even for periods smaller
than the smallest observational value, the total mass can-
not reach the observation value of X-ray binaries, that is
about 1.8M¢.

Figure 9 shows the period as a function of the central
density at two given central angular velocities relative to
the local inertial frame. From this figure, one can see that
a bigger central density and a bigger central angular ve-
locity relative to the local inertial frame correspond with a
smaller period. In fig. 9 one can find out that as the EOS of
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Table 1. Rotating neutron star’s properties in the relativistic o-w model. TNS and HS denote traditional neutron stars and
hyperon stars, respectively; @. is the angular velocity relative to the local inertial frame at the center, with units of (10®s™1);
pe is the central density, with units of (1018 kg - m73); Ry and My denote the radius and the mass of the non-rotating stars, R

and M denote the radius and the mass of the rotating neutron stars, respectively; the unit of mass is the solar mass (Mg)), &=

SM
and Mo

is the rotational period.

SR
’ Ro

are the fractional difference of the radius and mass between rotating neutron stars and non-rotating neutron stars; P

@e pe  Ro(km) My, R (km) M e S P (ms)

TNS | 250 1.067  11.98  1.768 12.18  1.808 0.017 0.023  1.488

500 0.903 1021  1.650 1294 1.801 0.070 0.092  0.791

HS | 250 0921 11.80 1.336 12.04 1.367 0.020 0.023 1.686

500 0.811  10.87  1.265 12.87 1.385 0.084 0.095  0.873
221 1 13,61
20 — @,=2500S 1 134
] @ =5000S" 1
1.8 g 132
— 13.0-
D 1.6+ 1
] . 1281
2 144 £ 1
5 ] > 12.6'_
2 1.2 T 124-

& 10 122 TNS
1 12.0-
0.8- ]

1 1181 HS
0.6 11.6-

04 05 10 15 20 25 30 35 40 45

T T T T T T T T T T T T T T T
0 280 560 840 1120 1400 1680 1960
p, [MeV.fm”]

Fig. 9. Period as a function of the central density at two dif-
ferent angular velocities relative to the local inertial frame at
the center.
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Fig. 10. The masses as a function of the period at p. = 3.5p0
for TNS and HS.

hyperon stars is softer, at the same conditions, the period
of hyperon stars is appreciably bigger than the period of
traditional neutron stars. Figures 10-11 show the masses
and radii of the traditional neutron stars and hyperon
stars as a function of the period. One can see that even the
central density of the hyperon stars is bigger than those

Period[10°S]

Fig. 11. The radii as a function of the period at p. = 3.5p0
for TNS and HS.

of the traditional neutron stars, the masses and radii of
the hyperon stars are smaller than those of the traditional
neutron stars. Another interesting result is that at a given
central density, when the period increases to a value which
is bigger than the smallest observational period, 1.6 ms,
the change of the masses and the radii with the period is
not obvious, which is consistent with the result of fig. 3.

From figs. 2-11, one can see that at a given period,
the central density and the central angular velocity rela-
tive to the local inertial frame could be chosen freely, but
if the masses and the period of a neutron star are given
(by the observational value) at the same time, then the
central density and the central angular velocity relative
to the local inertial frame will be decided. As we know,
there is another observational value: the radius of the neu-
tron star, the decided central density and central angular
velocity do not always give the exact radius. So one can
say that if these three observational values, mass, radius
and period are given to the same neutron star, there is
only one special EOS that could give a set of calculated
values, which fit like a glove to the set of observational
values, that is, these three observational values could de-
cide the EOS entirely. But the problem is that there is no
neutron star with both mass and radius observationally
determined up to the present.
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