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ABSTRACT

A previous equation of state, deduced for thermal neutron matter with spin excess neu-

trons, is used to explore the effect of temperature and spin excess parameter on neutron star struc-

ture. The spin excess parameter is found to have a significant decreasing effect on the maximum

mass of neuiron stars, while it has an increasing effect on the central density of stable neutron stars.

The behaviour of neutron star radius, for stars with central density less than three times norm.'il

nuclear matter density, depends on the spin excess parameter in a significant way. For stars having

larger central density the spin excess parameter has a little decreasing effect on the star radius. The

temperature is found to have a little increasing effect on both the star mass and its radius. The equa-

tion of state used is very stiff, but the resulting maximum masses lies within the range of neutron

stars masses deduced from X—ray binaries.
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1. INTRODUCTION

To be submitted for publication.
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The study of thermal and magnetic properties of neutron stars is necessary in order to

interpret observations of pulsars and other star binaries, correctly.

Since the suggestion of Canuto and Chin (1968), that a neutron star can emit radio energy

with a rate and spectrum similar to those of pulsars, there is a great interest in studying magnetic

properties of neutron stars (Manchester and Taylor, 1977). More recent studies (Blair and Candy,

1989; Dewey, 1989) indicate that the dipole magnetic moments of pulsars align and/or decay on a

time scale ~ 107 Ye.

The discovery of compact galactic X-ray sources prompted the first studies of thermal

properties of newly formed neutron stars (Tsuruta and Cameron, 1965). In recent years, detailed

cooling calculations have been reported by several authors {see Tsuruta, 1986 for a recent review;

Nomoto and Tsuruta, 1987; Schaaf, 1990).

Most of the equations of state which are applied to the evolution of thermal properties of

neutro stars do not contain the temperature explicitly. Also, none of the equations of state which

are applied to study the magnetic properties of neutron stars, take into account the spin of neutrons.

Recently, Shibazaki and Lamb (1989) studied the magnetic and thermal evaluation of neutron stars

affecting one another.

Most of the equations of state (EOS) applied for thermal evaluation of neutron stars did

not contain any temperature term. Also, none of the EOS applied to study magnetic evaluation of

neutron stars contained any neutron spin term. Taking these microscopic quantities into account,

through the EOS, is necessary when studying thermal and magnetic evaluation of neutron stars. The

temperature dependent EOS is also necessary in studying supernovae explosions (Bethe, 1988).

• In the present work an EOS, which contains temperature and spin terms, is used to study

its effect on neutron stars structure. Section 2 introduces the basic equations which determine the

stable structure of a neutron star. In Section 3 results and discussion are presenled. Summary and

conclusions are presented in Section 4.

2. BASIC EQUATIONS

The ingredient input in studying neutron stars structure is the EOS. The used EOS at low

temperature T < 10 MeV is given by (see Abd-Alla, Ragab and Hassan for details):

P=PV + X2PI (1)

where P, is the volume pressure, Pj is the spin pressure (due to spin excess neutrons), and X is

the spin excess parameter f X = ^ | ^ | } .

The volume pressure is

T TT



Pv = JL
5m C.)

(3*W/3) (2)

and the spin pressure is

where o, 6, Ci and Cu are the parameters of the interaction.

(3)

The hydrostatic eq u ilibri urn of a neutron star is established by the Tolman-Oppen hei mer-
Volkof (TOV) equation

dP{r) 4?rr3P(r)/c2)
r ( r - 2 r a ( r ) G / c J )

(4)

which is derived from the fact that the inward gravitalional force must be balanced by the outward
pressure given by the EOS.

The structure of a neutron star is determined by three basic equaiions: the EOS, the TOV
and the mass equation. The mass equation is

dm(r)
— — (5)

These three basic equations must be written in a consistent form. This is done through (wo steps:
1) writing the TOV equation in the density differential form

dp(r)
dr

rfP(r) dp(r)
t/r ' (iP(r)

(6)

and 2) normalizing all the variables in ihe equations. The normalization method adopted by Colpi,
Shapiro and Teukolsky (1989) is used. For a given central density of the neutron star Ihe EOS is
used to integrate the TOV and the mass equations simultaneously from ihe centre of Ihe star 10
its surface. This is done using a four-point Runge-Kuita method with a variable step (Arneit and
Bowers, 1977). In this way the mass of the star and its radius are obtained as a function of the input
central density. The mass has a maximum value which corresponds to each particular EOS.

3. RESULTS AND DISCUSSION

The effect of the spin excess parameter X on the structure of a neutron star is shown in
Figs. 1 and 2. Fig. 1 shows the effect of X on the gravitational mass of the neutron star. For neutrons
stars with central density pc < 2pa, increasing X increased the neutron star mass. At pz ~ 2po,
X had no effect on the star mass. At higher densities, the effect of X decreased the star mass. In a
previous work (Abd-Alla, Ragab and Hassan, 1990) this EOS exhibited a ferromagnetic transition
at p ~ 2pe- This means that the transition of a neutron star into a ferromagnetic slate decreases
its mass. The spin excess parameter had a significant effect on the maximum mass [ M( X = 0) =
2 .88 Mo, and M(X = 0.5) = 2.42 Mo] . This is due to the softening of the EOS with increasing
X (Abd-Alla, Ragab and Hassan, 1990). There was also an increase in the central density of the
stable neutron stars with increasing X. This means that a stiff EOS needs less central density than
a soft EOS to form a stable neutron star. This result was also found for most EOS (Arnett and
Bowers, 1977; Glendenning, 1988).

The neutron star radius as a function of the central density is shown in Fig. 2. The spin
excess parameter produced the same effect on the radius as on the mass. The neutron star radius
corresponding to Ihe maximum mass decreased with increasing X [ R( X = 0 .0) = 13.7 Km, and

=0.5) = 11.5 Km]. This attributed to the increase in the central density of the star with X.

In studying the temperature effect on the star structure, it was found that the temperaiure
term of ihe EOS made the density differential in the TOV equation to tend to infinity as the density
approaches zero. To overcome this problem we assumed that the temperature profile has the same
form as the density profile. Thus, as the density approaches zero the temperature also approaches
zero and the density differential becomes finite. Fig.3 shows the effect of temperature on the siar
mass. It is clear that adding a temperature term to the EOS increased its stiffness slightly. The
effect of temperature on the star radius is shown in Fig.4. As the lemperature increased there was
some kind of star radius expansion. This expansion effect decreased as the central density of the
star increased. In Fig.5 Ihe neutron star mass in Ihe present work (PW) was compared with that
of Arnett and Bowers (1977), and Weber and Weigel (1989). Our EOS was much sliffer than the
others. In Fig.6the neutron star radius in the present work is compared to the calculations of Arnett
and Bowers (1977). The behaviour of the radius with central density is consistent with (O) and
(N) EOS at X = 0.0, while it gave the same behaviour as (L) und(M) KOS but at X =0 .5 .

The mass of a neutron star is of special importance since it can be inferred directly from
observations of X-ray binaries and pulsars (Taylor and Weisberg, 1982). Therefore, an acceptable
theory of matter must be able to account for neutron stars whose masses arc known. Shapiro and
Teukolsky (1983) gave the following masses of neutron stars deduced from X-ray binaries:

1.5 < Af(4t/0900 - 4 0 ) / M o < 2 . 2 ,
0.7 < MiSMCX - 1 ) / M O < 1.5,
1.2 < M(LMCX -4)/MQ < 4 .2 ,

1.0 < M(4[7 1538 - 5 2 ) / M 0 < 3 . 1 ,



0.3 < M(CenJC-3)/M0< 1.7, and

1.0 < MUIer X - \)/Mo < 1.8.

It is noticed that the present calculations gave stable musses which are consistent with the neutron

star binaries 4(7 1538 - 52.

Determination of neutron star radius from observations does not exist. However, com-

binations of data wilh special theoretical assumptions led Van Paradijs (1978) to the conclusion

that ihu neutron stars have a radius of about 8.5 Km. This value as pointed out by Shapiro and

Teukolsky (1983), may be underestimated by a factor of 2.

4. SUMMARY AND CONCLUSION

In this investigation we explored the effect of temperature and spin excess parameters

on the neutron star structure; (heir masses and radii. The EOS was applied to solve the TOV and

the mass equations simuUaneously. The solutions of these equations determine the properties of a

thermal and magnetized neutron star.

The spin excess parameter was found to have a significant effect on the star structure

and cannot be neglected. The ferromagnetic transition of neutron stars (occurs at p ~ 2p c using

the present EOS) is reflected in the mass- and radius-density relations. This could be noticed for

different values of X which is affected by this transition.

Since the EOS is the main input equation in the evaluation of magnetic properties of

neutron stars, the dependence of the EOS on the spin excess parameter is useful to be taken into

account. This is to be considered in a future study.

The temperature was found to have a negligible effect on the neutron star structure. But

when studying the cooling of neutron stars the input EOS is better to have a temperature term. This

may affect the cooling curve.
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Fig ! 1 I Gravitational mass versus central density at T= 0 MeV

for different values of the sptn excess parameter X.
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Fig ( "!) Gravitational mass versus central density at T= 0,10 MeV, X=0
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Gravitational mass versus central density for equations
of state A through I (Arnett 1977) and CU (Weber 1989)
together with our equations of state (PVI).
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Fig.(6) The radius of neutron star versus central density
in the present work CPH) compared with EOS of
(Arnett 1977).
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